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ABSTRACT 
  Conserving wide ranging, endangered species is challenging, and managers often lack 
information on movement and social dynamics. Wild dogs, Lycaon pictus, are large, 
wide-ranging carnivores and one of the most endangered animals in Africa. Unlike other 
large carnivores, wild dogs do not vocalize as a form of territorial advertisement so to 
explore mechanisms of communication and movement behaviors, I radio collared and 
observed a population of wild dogs in northern Botswana, to collect fine-scaled, 
contemporaneous movement data on neighboring packs of wild dogs, and collected scent 
marks from known individuals for chemical analyses and behavioral experiments.  
  To test whether wild dogs were territorial, I used VHF and GPS telemetry and direct 
observations. Wild dogs in northern Botswana exhibited territorial behavior where many 
territories overlapped with neighbors, however packs avoided being in overlap areas 
simultaneously. Wild dogs avoid conspecific contact, as these encounters can be 
dangerous and sometimes resulted in mortalities. Wild dogs scent marked, but did not 
patrol, their boundaries as might be expected of animals using an impermeable ‘scent 
fence’. Instead, wild dogs scent marked throughout their territories so intruders encounter 
increasing number of scent marks as they penetrate resident territories.  
  Through chemical analysis, significant differences were found between the chemical 
composition of scent marks of male and female wild dogs. Analyses were confounded by 
the fact that males tend to scent mark at boundaries and females in the interior.  To better 
understand how wild dogs reacted to conspecific scent marks, I moved groups of fecal 
scent marks from neighboring and non-neighboring packs to measure behaviors of a 
recipient pack. Recipient dogs consistently investigated scent marks with greatest 
intensity when those scent marks were from a dominant dog, overmarked by its mate.  
  This is the first study to explore movement patterns and scent marking behavior and 
chemistry in wild dogs, providing evidence that wild dogs communicate with 
conspecifics through chemical signals, and likely rely upon scent marks as their primary 
mode of intraspecific communication. These data offer a platform for further exploration 
into how managers may manipulate behaviors to reduce conflicts and help conserve wild 
dogs.  
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PREFACE 
The papers that constitute this dissertation began as an exploration of the role of 
territorial scent marking in African wild dog (Lycaon pictus) ecology in northern 
Botswana. Wild dogs are wide-ranging carnivores and one of the most endangered 
animals in Africa (IUCN 2007) with 6,000 or fewer animals remaining. The greatest 
threat for their survival is conflict with humans and their livestock (Woodroffe et al. 
1997). Unlike other large carnivores, wild dogs do not vocalize as a form of territorial 
advertisement and likely rely on chemical and olfactory signals as their primary mode of 
intraspecific communication. Understanding their communication system may provide 
insight into better management practices. 
While there is increasing interest in mechanisms for territorial scent marking, 
there is a need for experiments coupled with field investigations to test hypotheses. 
Acoustic playback experiments are common in avian and primate studies, but few 
olfactory playback experiments have been conducted on free-ranging mammals. 
Exceptions include olfactory playback experiments with Asian elephants, Elaphus 
maximus that communicate via compounds in their urine, temporal glands (Rasmussen 
199, 2002) and social experimentation with scent marks with banded mongooses, Mungo 
mungo, (Jordan 2007). While it is generally accepted that large carnivores leave scent 
marks for communication, chemical and olfactory experimentation has not occurred. We 
used the natural history of African wild dogs, to test the ability of a highly social, vocally 
quiet, carnivore, to recognize conspecifics. As the first attempt to understand territoriality 
and scent marking behavior in wild dogs, this work will hopefully provide a foundation 
for further research to manipulate species’ communication systems for conservation and 
management. 
Working with a population consisting of known individuals and packs, I was able 
to observe wild dogs by locating them by telemetry and / or tracking. One or two 
individuals in each study pack was collared, allowing me to add GPS collars and 
intensively observe four to six packs annually between 1999 and 2004. In 2001, I began 
collecting scent marks to capture headspace volatiles (compounds which volatilize or 
evaporate over a sample) over fecal and urine scent marks to determine the chemical 
composition in and differences between categories of wild dogs. I focused on headspace 
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compounds because they are olfactorally available to conspecifics, and therefore most 
likely important for intraspecific communication. I studied aspects of chemical 
communication in relation to wild dog territoriality and behaviors of wild dogs when 
responding to experimentally moved scent marks. 
I examined dogs in northern Botswana’s Okavango Delta region, which includes 
Moremi Wildlife Reserve and Chobe National Park. This is one of the largest protected 
areas for wildlife in Africa and supports viable populations of all indigenous carnivores 
and most indigenous ungulates. This area supports one of the largest populations of 
African wild dogs on the continent and free-ranging packs are more easily observed than 
other areas in Africa where wild dogs occur in large numbers. 
I use terms throughout this dissertation which may be interpreted various ways. 
Each chapter is written for specific journal audiences, so definitions within the chapters 
are not always necessary but for clarification, I define several terms here, which are my 
distillation of formal definitions that differ slightly in the literature. The term, ‘scent 
mark’ refers to a fecal or urine (or combination of both feces and urine) deposition by an 
animal with the intent of communicating information to conspecifics. This may be 
different than feces or urine left in the environment purely for eliminatory needs of the 
animal. Sites for scent marking may be chosen for characteristics which help broadcast or 
retain an olfactory signal better than other sites. Behaviors such as scratching, rolling and 
otherwise increasing the visual or olfactory power of the scent mark may occur. 
‘Overmarking’ is an animal urinating over a fecal or urine mark of another animal. 
‘Countermarking’ occurs when an animal scent marks near another animal’s scent mark. 
This is often repeated several to many times in the area of the first animal’s scent mark.  I 
captured compounds from scent marks and refer to ‘Headspace volatiles’, which are 
chemical compounds which evaporate from over the top, or head, of a sample. 
Territoriality - Maintaining boundaries between packs requires long-lasting or 
long-distance broadcasting of signals, especially when territories are large. Scent marking 
at territorial boundaries allows intruders to perceive a group’s occupancy without 
auditory or visual signals. Scent marked boundaries are not necessarily inviolable barriers 
but rather a peripheral message in a layer of resource defense information. The ultimate 
defense may be a physical encounter with the territory resident, but having some initial 
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layers of information can limit or prevent this encounter based upon the signals received 
by the intruder. Agonistic encounters at territory boundaries can be costly and risk injury 
or death for territory holders and interlopers. Scent marking territories not only 
demarcates boundaries, but in addition it may provide intruders with a means of assessing 
the number, status and physiological state of territory holders. Scent marking can reduce 
the costs of territory defense by providing information on the most recent activity of 
residents to a border area and reduce the chances of physically encountering the group 
while near the border. 
I tested whether wild dogs were territorial and if they demarcated boundaries with 
scent marks. I determined that wild dogs do scent mark at boundaries but only in 
accordance with their movements, as they scent marked across their territories, 
supporting a hypothesis of providing a scent cloud of information, rather than a scent 
fence primarily at borders. Over three years, data generated from GPS collars placed on 
neighboring packs coupled with observations provided detailed information on how 
packs moved in relation to each other and how they scent marked in the interior of their 
territories compared to boundary areas. I focused on fine-scale behavioral data in border 
areas that would reflect movements related to scent marking activity to determine if scent 
marks acted to attract or repel potential intruders in these areas. 
Chemistry of Scent Marks – Mammals manufacture and deposit scent marks in a 
variety of ways, including feces, urine and glandular secretions. Species’ metabolic 
products contain signaling compounds, including amines, aldehydes, ketones, 
carbohydrates, alcohols, phenols, fatty acids and esters, all of which may be biologically 
meaningful (Albone 1984, Andersen and Vulpius 1999). Many studies describe 
compounds contained in mammalian scent marks, but no studies have explored the 
interface of behavior and chemistry in a free-ranging, large carnivore. Chemical 
communication in large carnivores is of particular interest because they are globally 
endangered and require conservation and management solutions to maintain viable 
populations and reduce conflicts with humans (Mattson et al 1996, Woodroffe 2000). 
From 2001 to 2004, I collected scent mark head space volatile compounds for analyses 
with Gas Chromatography / Mass Spectrometry (GC/MS) to identify differences in 
compounds between scent marks of males and females. I attempted to collect samples 
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equally between core and boundary areas and between males, females, dominant and 
subdominant animals, however during analyses, it appeared that males mark almost 
exclusively at boundaries and females mark more in territory cores, confounding 
comparisons between males and females.  I processed scent marks using low-flow 
vacuum pumps used for air quality assessment to maximize the information that is 
olfactorally available to other wild dogs as they travel near scent marks and to attempt to 
better understand what classes of compounds are biologically meaningful to describe 
categories of animals and motivate recipient behaviors. This provided the first evidence 
that scent marks may be both behaviorally and chemically distinct, depending upon the 
sex of the animal depositing it. However many suites of compounds used for 
communication may be multipurpose and wild dogs likely advertize boundaries and 
social status with chemicals I was unable to tease apart from sex differences. 
Experimental Scent Mark Movements – Chemical communication and odor 
recognition is catholic across the animal kingdom, with scent marks from a variety of 
social species shown to contain information as diverse as group membership (e.g. 
European badgers (Meles meles), Davies et al. 1988; beavers (Castor canadensis), Sun & 
Muller-Schwarze 1998) sex (e.g. domestic dogs (Canis lupus familiaris), Dunbar 1977), 
and group and individual identity (e.g. African dwarf mongoose (Helogale undulata), 
Rasa 1973; brown hyaena (Hyaena brunnea), Mills et al 1980; European badger, Kruuk 
et al. 1984; Giant panda, (Ailuropoda melanoleuca), Swaisgood et al. 2002. Many of 
these species discriminate between scents and these abilities have obvious advantages in 
many aspects of social life. For example, scent recognition may help animals determine 
how best to avoid competitors and intercept kin or potential mates in territorial species by 
reducing the costs of defensive energy and the risk of agonistic encounters between 
neighboring territory owners (Wilson 1975; Gorman 1984; Zuri et al 1997). Despite 
mounting experimental evidence for olfactory recognition in laboratory and captive 
environments, ecologically relevant studies of free-ranging populations are few. 
Experiments are required to support the hypothesis that animals discriminate odors for 
social functions (Clapperton et al 1988).  
From 2001 to 2004, I collected and translocated scent marks from wild dog 
individuals and packs to test whether wild dog packs discriminate between categories of 
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conspecifics. I began by moving single, individual and control (non-wild dog) scent 
marks to understand how recipient wild dogs behaved when presented with these 
samples. I then moved groups of five scent marks to mimic scent mark depositions from a 
pack. These group manipulations were placed along the borders of recipient pack 
boundaries, where territorial information may be exchanged. I measured pack behaviors 
to test whether wild dogs exhibit ‘dear enemy’ behaviors, recognizing stable neighbors 
compared to strangers’ scent marks. Recognition and discrimination among conspecific 
scent allows us a better understanding of how wild dogs maintain and communicate 
territoriality. Wild dogs exhibited high levels of territoriality, which dictates how wild 
dogs occur across the landscape and interact with conspecifics. Olfactory or chemical 
communication has been shown to be an important aspect of wild dog ecology. The 
ability to understand and manipulate chemical communication in this species may serve 
as a tool in their conservation and management.  
My final chapter, 5, is in fulfillment of an NSF ECOS grant, when I worked in a 
rural, Montana elementary school helping translate science into k-12 curricula. I focused 
on the idea that place based education, which is a popular method of engaging students in 
the natural world, may actually hinder learning and engagement in contentious issues 
such as human-wildlife conflicts. I present a basic curriculum that emphasizes the use of 
remote areas and exotic animals to discuss possible solutions to conflict issues within a 
community or region. In the United States, it may be easier for people to consider 
conservation of species like snow leopards, lions and African wild dogs than 
conservation of wolves or mountain lions. My research with African wild dogs is one 
attempt at carnivore conservation, however I understand that education and tolerance for 
predators is the ultimate management tool. 
Each chapter has been written in specific journal format. Chapter 2 – Boundary 
issues: territorial patterns of African wild dogs in northern Botswana will be submitted to 
Journal of Zoology; Chapter 3 – Ecological differences in chemical signatures of African 
Wild Dog (Lycaon pictus) scent marks will be submitted to Journal of Chemical Ecology; 
Chapter 4 – African wild dogs discriminate between categories of conspecifics using 
scent marks is planned for submission to Animal Behaviour, and Chapter 5 –Livestock 
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Carnivore Conflict Curriculum, A place for non place-based education is formatted for 
Journal of American Biology Teacher. 
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Chapter 1. 
BOUNDARY ISSUES: TERRITORIAL PATTERNS OF AFRICAN WILD DOGS 
IN NORTHERN BOTSWANA 
Abstract 
A species’ territorial behavior affects the probability of its interactions with conspecifics. 
Understanding how wide-ranging carnivores maintain territories is important to 
understand aspects of population regulation, conservation and management. African wild 
dogs, Lycaon pictus are the largest canid in Africa and they are highly endangered. They 
have popularly been considered non-territorial or at least seasonally nomadic, but in this 
study, we detailed strong territorial behavior and patterns of scent marking in a 
population in northern Botswana. I tested hypotheses regarding the spatial patterns of 
scent marking in relation to movement patterns, comparing whether wild dogs erect a 
scent fence around their home range, or whether they scent mark in accordance with their 
movements across their home range, leaving a scent cloud of olfactory information. Four 
wild dog packs were radio collared with GPS and VHF collars each year for four years 
during the late dry seasons. These data were used to determine the amount of spatial 
overlap between home ranges and whether temporal avoidance suggested territorial 
behavior. I estimated wild dog home ranges using a probabilistic fixed-kernel estimator 
to facilitate analysis of home range overlap. Over 50% of pack home ranges were 
spatially exclusive and where overlap occurred between packs, there was strong temporal 
avoidance. I analyzed their dynamic interactions and found that packs actively avoided 
each other at a finer scale analysis using volume intersection analyses on kernel density 
home ranges. Packs visited the perimeter of their territories with a high degree of 
variance between packs but did not patrol their boundaries. Locations of scent marks 
were used to test for mechanisms of territorial defense. Wild dogs scent mark across their 
territories rather than preferentially at boundaries, consistent with the scent cloud 
hypothesis for territorial marking, and not the perimeter scent fence hypothesis. I 
observed aggressive encounters between wild dog packs near their territorial boundaries, 
which helped confirm that wild dogs are indeed territorial, and highlights the need to 
account for these behaviors in managing and reintroducing wild dogs. 
Keywords: African wild dog; territory; carnivore; scent marking; dynamic interaction; 
conservation. 
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Introduction 
 Animals move through and partition space to gain access to food, mates, refugia 
and den sites to maximize fitness (Burt, 1943; Brown & Orians, 1970; Both &Visser, 
2003). How species partition space can offer critical insights into their ecology, 
especially for endangered species, whose spatial requirements and intraspecific 
interactions affect important aspects of population regulation, conservation and 
management (Brown, 1969; Maynard Smith, 1976; Durant 2000).  Territorial animals 
divide and defend space against conspecific intruders, claiming exclusive use of defended 
areas where resources can be guarded when the benefits of exclusivity outweigh the costs 
of defense (Carpenter & MacMillen, 1976; Stamps, 1995; Powell 2000). Territorial 
behavior functions to both repel intruders and contain residents to specific areas which 
consequently limits the number of animals competing for resources in a given area, as 
well as the probability of mating opportunities, and the formation of new social groups. 
Ultimately, territoriality is an important mechanism for population regulation 
(Rodenhouse, et al.; 1997, Kokko & Sutherland, 1998; Morrell & Kokko, 2005). 
Territoriality is assumed when there is little overlap between home ranges, agonistic 
interactions occur between residents and intruders, and boundaries are advertised by 
vocalization, displays or scent marking (Brown & Orians, 1970). 
 Territoriality has been demonstrated in many carnivores by observing 
vocalizations, postures and scent marking at boundaries (Kruuk, 1972; Peters & Mech, 
1975; Harrington & Mech, 1978), by non-overlapping home ranges (Mech, 1973; Fritts 
& Mech, 1981; Gese et al. 1988), and by intraspecific strife near boundaries (Van 
Ballenberghe & Erickson, 1973). Scent marks may advertise the intention of residents 
motivated to protect their territory by attacking intruders (Ralls, 1971), and act as 
movement barriers between neighboring territories, preventing potentially costly disputes 
between neighbors (Kruuk, 1972; Gosling, 1982; Johansson1996). Carnivores employ 
various strategies to increase the likelihood that intruders encounter scent marks, such as 
increasing the frequency of scent marks at boundaries, and concentrating marks at trail 
junctures (coyotes: Gese, 1998; badgers; Roper et al., 1993, wolves: Paquet & Fuller; 
1990). Spotted hyenas, Crocuta crocuta, have been observed to vary scent marking 
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strategies depending upon energetic and ecological constraints, where clans with large 
home ranges scent mark throughout their territories and those with smaller, food-rich 
territories mark mainly along their borders (Kruuk, 1972; Mills & Gorman 1987).  
 Two contrasting hypotheses of scent marking strategies predict different defense 
strategies and behaviors. The first hypothesis is that animals scent mark the perimeter of 
their territory, forming a ‘scent fence’ (Hediger, 1949), or ‘olfactory bowl’ (Peters & 
Mech, 1975). This hypothesis assumes that scent marks are are deposited 
disproportionately along the boundary with sufficient spacing such that intruders 
encounter scent marks when they approach the boundary. This predicts that territorial 
boundaries are relatively impermeable and the energetic costs of marking long 
boundaries are balanced by few intrusions and little spatial overlap between neighbors 
(Gosling, 1982).  The second hypothesis assumes that animals scent mark across their 
territories and olfactory information is left in proportion to their travel patterns, forming a 
cloud of scent within their territory.  This, ‘scent cloud’ hypothesis predicts residents do 
not mark their boundaries more than would be expected, based on their movement 
patterns.  As conspecifics cross a resident’s boundary, they would encounter an 
increasing number of scent marks as they move toward the core of the territory. This 
strategy predicts a greater degree of spatial overlap between territories, and suggests 
benefits of olfactory exploration by neighbors.  
 Mechanisms that maintain territories and regulate populations are especially 
important for managing small, rare or endangered populations. African wild dogs, Lycaon 
pictus, are the largest member of canidae in Africa and are endangered (IUCN 2007). 
Their population densities are naturally lower than sympatric large carnivores, usually by 
at least one order of magnitude (Creel & Creel, 2002). They once occurred across most of 
sub-Saharan Africa (Fanshawe et al., 1991; Monod, 1928) but now mainly exist only 
where human population densities are low and there are large protected areas 
(Woodroffe, 1997). All wild dog populations are threatened by human activity, including 
increased risk of disease through contact with domestic dogs and persecution related to 
conflict with livestock (Woodroffe & Ginsberg, 1997, 1999). Observing wide-ranging, 
cryptic, fast-moving animals that favor dense woodlands and do not vocalize loudly is 
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difficult, which may explain why they have been considered a non-territorial, or even 
nomadic species (Burrows, 1995; Gorman et.al., 1992, van Lawick, 1970).  
Neighboring wild dog packs may interact infrequently but these events carry 
considerable risks because confrontations, while rarely seen, can lead to injury and death 
(Gorman, 1984; Mills & Gorman, 1997; Creel & Creel, 2002). In some populations, wild 
dog packs may share large areas of range overlap (Creel & Creel, 2002) but the dynamics 
of space use between packs has not been explored. Due to increasing numbers of costly 
wild dog reintroductions and translocations, managers are seeking ways to keep 
establishing populations from risk-filled encounters with livestock and human settlements 
(Woodroffe & Ginsberg, 1999; Lindsey et al., 2005; Gusset et al., 2008). Establishing 
artificial scent mark boundaries has been suggested as a management tool, and 
understanding territoriality and the effects of scent marking strategies in this species may 
facilitate conservation and management efforts. 
 In this study, I tested, for the first time, for territoriality in African wild dogs, 
using data generated with global positioning (GPS) collars to examine spatial and 
temporal dynamics of African wild dog pack movements in northern Botswana. I 
measured fine-scale movements of wild dog packs to determine if they behaved 
differently near boundaries compared to core areas, and calculated spatial and temporal 
overlap between packs. I predicted that if they were territorial, I would observe spatial 
and / or temporal segregation within and between territories and conspecific aggression at 
boundaries.  Contemporaneous location data were collected on up to five packs of dogs 
during dry seasons from 1999 – 2004, using GPS collars and behavioral observations, 
mapping movements and scent mark locations. I also tested which hypothesis, ‘scent 
fence’ or ‘scent cloud’ described their scent marking strategies by measuring, among 
other things,random vs. specific scent marking locations relative to pack movement data. 
Under the scent fence hypothesis, I predicted that little spatial overlap between home 
ranges would be observed, and that scent marking would be preferentially restricted to 
home range boundaries. Under the scent cloud marking hypothesis, I predicted that 
spatial overlap would occur but that temporal overlap would be minimal and that scent 
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marks would occur generally across a territory, aligned with movement patterns (Table 
1). 
 Non-territorial Territorial Scent 
fence 
Scent 
cloud 
Core / Boundary 
movement differences? 
No Yes Yes Yes
Spatial overlap? Yes Limited No Yes
Temporal overlap? Yes No No No 
Exclusively perimeter 
marks? 
No Yes Yes No 
Aggression? No Yes Yes Yes
 
Table 1. Behavioral predictions of different hypotheses of territorial vs. non-territorial and scent 
marking behaviors based on observations of African wild dog pack movements during the dry 
season of 2001, 2002, 2003 and scent marking locations in northern Botswana. 
Study Site 
This study was conducted at the southern terminus of the Okavango Delta in 
northern Botswana (19° 31´ S, 23° 37´E), where the Okavango Delta basin forms the end 
of the African Rift Valley. The Okavango river, originating in Angolan highlands, passes 
through Namibia and drains into the Kalahari sands of northern Botswana. Delta 
associated floodplain predominates here, interspersed with dominant acacia tree species, 
Acacia nigrescens, and Acacia erioloba, and mopane trees, Colophospermum mopane, 
wooded islands. The study area is characterized by flat sandveld of Kalahari Acacia-
Baikiaea woodland  and Zambezian Mopane woodland eco-regions (World Wildlife 
Fund, 2001). Annual precipitation ranges from 300 – 710 mm (Smith, 1998) is highly 
seasonal, from November through March and is out of phase with the annual Delta flood 
cycle.  The study area is approximately 2,500 km2 and is adjacent to and includes parts of 
Moremi Wildlife Reserve, a protected area contiguous with Chobe National Park.  Tribal 
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grazing lands and several small villages occur, including Zankuyo, Shorobe, 
Shukemukwa and Khwai, where some livestock herds are grazed.  (Fig.1) 
 
Figure 1. Map showing northen Botswana and the Okavango river system with four neighboring 
African wild dog (Lycaon pictus) pack GPS collar locations concurrently from 2002. The area 
with wild dog locations is within the study area on the edge of Moremi Wildlife Area.  
Methods 
Wild dogs were darted from approximately 9-15 m using a TELINJECT dart gun, 
using darts containing ketamine HCL, xylazine and atropine (reported by Osofsky et al., 
1995). Two animals in each study pack carried radio collars, including one dominant wild 
dog likely to exhibit long-term site fidelity and one subdominant, possibly dispersing 
individual. Collaring, sampling and measuring were accomplished in approximately 20-
30 minutes and anaesthesia was then reversed using yohimbine.  Anaesthetic reversal was 
usually complete within 15 minutes and all wild dogs recovered and rejoined their packs 
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within minutes of full recovery (McNutt, 1996).  All animal handling was conducted in 
accordance with Institutional Animal Care and Use Committee procedures (Animal Care 
& Use Committee # 027-00) and Botswana’s Ministry of Environment, Wildlife and 
Tourism research regulations (permit EWT 3/3/8/ XXIX). Because of the dynamic nature 
of wild dog packs, each year’s data were collected as ‘pack years’, whereby the the pack 
and year were recorded as discrete data (see Creel & Creel 2002). 
Telemetry 
Wild dogs were fitted with 300 gram Sirtrack (Havelock, New Zealand) or 
Telonics (Mesa, AZ) Very High Frequency (VHF) radio collars. Dogs in four packs were 
also fitted with 300 gram Posrec 300 Televilt (Lindesberg, Sweden) Global Positioning 
System (GPS) / VHF collars. Expired GPS radio collars were scheduled to fall off to 
retrieve data and allowed refurbishment, and VHF collars were removed when batteries 
expired. Packs were located for observation by VHF telemetry and ground tracking.  Four 
GPS/VHF collars were initially programmed to attempt fixes 12 times per 24 hour period 
in 2001, and these data were used to design more intensive sampling in 2002 and 2003 
during crepuscular periods when the dogs were most active. Collars were programmed to 
obtain locations at 0600, 0630, 0700, 0730, 1700, 1730, 1800, 1830 and 2400. Location 
data were rated for accuracy, based upon satellite availability; 1D (poor), 2D (average), 
3D (good), and 3D+ (excellent). I calculated bias and precision of our GPS telemetry by 
leaving GPS collars at two geo-referenced locations for 190 locations.  Of these, 3D+ 
accuracy (25%) were consistently within 25 m, 3D accuracy (29%) fixes were within 38 
m,  2D accuracy (46%) varied widely (10 -100m) and averaged within 47 m. One-
dimensional (1D) fixes had error distances over 150 m and were eliminated from all 
analyses. I screened locations for potential outliers by querying ArcGIS 9.1 (ESRI, 2007) 
by date and time and removed the point if it lay further than 15 km from sequential points 
before and after the outlier, a distance that would be nearly impossible for a wild dog to 
cover in that time, based on mean daily movement rates.  
 I attempted to locate radio-collared wild dog packs twice weekly to observe them 
across all areas of their ranges, equally between core and boundary areas. We used late 
dry season locations of packs, collected over five years to identify long-term land tenure 
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and movement patterns within the area. Data were collected from August - December, 
when packs were not restricted to a den site. VHF locations were collected by aerial 
tracking using fixed-wing aircraft, a microlight Beaver RX550 or a Cessna 182, followed 
and in combination with ground tracking from an open 4x4 truck.  Observations were 
recorded with GPS (Garmin GPS II Plus handheld units), using Universal Transverse 
Mercator (UTM) projection coordinates. 
Home Range Characteristics 
I used GPS and VHF collar data to estimate home ranges using Utility 
Distributions (UDs) derived from 50% and 95% fixed kernel home range estimators 
(KDE’s) in ArcGIS 9.1 and Hawth Tools (Beyer, 2004). Kernel methods of home range 
estimation use a smoothing parameter (h) to estimate the optimal grid-cell size for 
determining the utilization distribution as a function of the number of locations and space 
use (Silverman 1986, Kernohan et al. 2001). .  Several methods have been proposed to 
calculate the optimal smoothing factor but the use of the h value can oversmooth 
multimodal data resulting in larger home-range areas than other methods (Silverman, 
1986). This has led to the popular use of the least squares cross validation (LSCV) 
method for selecting (h).  However LSCV can also oversmooth data, and create a highly 
fragmented home-range estimate especially when sample sizes are large and several 
locations are near the same point (Kernohan, et al., 2001; Hemson, 2005; Horne & 
Garton, 2006). There is controversy in the literature about the best method for 
determining h and while there is likely no perfect solution, I attempted to calculate 
LSCVh for these data using HomeRanger (Hovey, 1999), which dramatically 
underestimated h. This and Hemson’s et al. (2005) analyses of GPS collar data and 
LSCV failures with large GPS data sets (see also Girard et. al., 2002) led me to reject 
LSCV software computations for this large, multimodal, GPS collar data set which 
exhibited highly fragmented home-range estimates. Following Silverman (1986), and 
Robinson (2007), a smoothing factor of 4800 was determined based upon biological 
information and recommendations to use a smoothing parameter of 0.5 x h with GPS data 
(Hemson et al. 2005).I measured the frequency of pack visits to the perimeter of their 
ranges using 100% KDEs. Core areas were defined as 50% interior of the 95% KDE. 
9 
 
Boundaries were defined as the area between the 50% core and the 95% outer boundary 
of the estimated home range. Perimeters were defined as the outermost 500 m of the 
100% KDE. The degree of exclusive use by each wild dog pack, and overlap areas were 
then measured (see statistical analyses below). 
Statistical Analyses 
Territoriality and movement rates. Crepuscular movements were measured using 
GPS collars with 30 minute fix intervals during dawn and dusk, using seven years of wild 
dog data. Movement rates were compared between boundary areas and core areas within 
each wild dog pack using two-tailed Kolmogorov-Smirnov analysis to test the prediction 
that movement rates differ between core and boundary areas under the scent fence 
hypothesis (Table 1). 
  Spatial and Temporal Overlap. I measured the extent of static interactions, or 
amount of overlap between packs, which has traditionally been used to measure 
territoriality. I determined the probabilistic occurrence of each pack in areas of overlap to 
account for the density of locations within territories, rather than simply measure the 
absolute areas, which does not take the number of locations, or intensity of use of an area 
into consideration. I calculated overlap volumes of paired utility distributions using  
Volume Intersection (VI) calculations:    min 1 , , 2 ,UD x y UD x y dxdy
 
 
      
(Seidel, 1992; Fieberg & Kochanny, 2005). Volume Intersection indices range from zero 
(no overlap) to one (complete overlap, or identical UDs). 
I tested for differences in temporal overlap between packs, with differing 
predictions under both scent marking hypotheses (Table 1) using dynamic interaction 
analysis (Cole, 1949; Kenward, 1992; Minta, 1992; Kortello, 2007).  Simultaneous 
locations (defined as within five minutes) were taken from GPS collar data and a 
distribution of distances was created by measuring the simultaneous distance between 
two adjacent packs. The distribution of simultaneous distances was compared to one 
created by randomly pairing the same set of locations without temporal consideration 
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using a two-tailed Z-test to test for differences between distributions, and whether the 
magnitude of the difference indicated statistical intrapack avoidance (distances greater 
than random) or selection (distances less than random, Kortello, 2007). I discuss the 
biological significance of differences in the discussion.  
Scent mark distributions.  I tested the hypothesis that wild dogs scent mark 
preferentially at the perimeter of their boundaries, relative to their movements, to create a 
scent fence (Table 1). My alternative hypothesis was that they scent marked in 
accordance with their movements, to create an increasingly dense scent cloud within a 
territory. I developed UDs of each pack’s scent mark locations and compared these 
distributions to overall location distributions using Bhattacharyya’s affinity index (BA; 
Bhattacharyya, 1943), which calculates similarity between two distributions (Fieberg & 
Kochanny, 2005). I measured spatial independence of scent mark locations when there 
were sufficient (we used data sets with > 20, although > 30 is recommended by Fieberg 
& Kochanny (2005)) observations in any one year, using volumes of overlap. 
Formula:    1 2, ,BA UD x y UD x y dxdy
 
 
    
Complete concordance, or ‘1’ would indicate that wild dogs do not scent mark 
with any preference for location. A ‘0’ is a biological impossibility, indicating that wild 
dogs scent mark only where they are not, but extremely low values indicate that scent 
marking occurs well outside natural movement patterns and that they are highly selective 
as to location. I interpreted index values over 0.50 as indicating random scent mark 
locations in regard to a pack’s movements, which would support the scent cloud 
hypothesis. Values less than 0.50 reflect a preference for scent mark locations distinct 
from normal movements, which, if concentrated at the perimeter, would support the scent 
fence hypothesis (Fieberg & Kochanny, 2005).  
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Behavioral Observations 
Scent marks were collected during observation periods, which encompassed at 
least one movement period from dawn until day’s rest, or day’s rest until dark. Wild dogs 
were observed from an open truck, typically within 10 – 200 m, distances which did not 
alter hunting or other behaviors.  When packs moved through impassibly thick bush, 
observers drove to the other side of the woodland to relocate the pack and continue. Scent 
marking events were recorded, and fecal marks were collected for chemical analysis and 
experimentation (Parker, 2008, diss chapters 2, 3) only when the pack moved away from 
a resting site (Kleiman 1966, Asa et al., 1985) and when defecation was deemed a scent 
marking event rather than simply elimination determined by the animals’ behaviors and 
selection of a site (for review of urine and feces as carnivore signals, see Macdonald 
1980). Movement paths and aggressive behaviors were also recorded during 
observations. I measured the average distance and time between telemetry locations along 
the perimeter of the boundaries to measure how often packs visited their home range 
perimeters. Frequent visits and close spacing were predicted by the scent fence 
hypothesis, versus larger distances and infrequent visits predicted by the scent cloud 
hypothesis. 
Results 
Home Range Characteristics 
Based upon GPS and VHF telemetry acquired locations for pack years (Table 2), 
home range sizes and movement rates were calculated. Home range sizes were an 
average of 513 km2 during the dry season, ranging from 176 km2 to 762 km2. Adjacent 
pack home range centroids were, on average 23.6 (+ 5.05 SD) km apart (Table 2).  Linear 
locations between 30 minute GPS fixes in the 500 m perimeter areas averaged 2.19 km 
(N = 531, range .00016 – 11.71 km). Packs visited their perimeters on average every 
44.07 hours (range = 30 min – 27 days). 
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Territoriality and Movement Rates 
All packs moved longer distances, and more quickly, in their boundary areas compared to 
rates within the cores (Fig. 2, Table 2). Movement rates were significantly different 
between core (2.53 km / 30 min SD xx m/s) and boundary (3.49 km / 30 min, SD xx m/s) 
areas (p = <.05, two-sided probabilities, Kolmogorov-Smirnov test) and only one pack 
(Mog03) showed no significance difference between core and boundary areas; (p = 0.09, 
Table 3). Thirty-minute GPS fix data were used for these comparisons. 
Spatial Overlap 
Utilization Distributions indicated discrete territories with relatively little overlap 
at the 95% level (Table 3). Out of 24 possible range overlaps between adjacent packs, 10 
did not overlap. This left 11 which overlapped at the 95% KDE (Table 3) but only three 
packs exhibited overlap more extensively at the 50% KDE. The mean volume 
intersection (VI) of the entire home range for the 11 packs that overlapped minimally at 
the 95% KDE was 0.22 (SD = 0.174), but of all 21 packs, mean overlap was only 0.11 
(SD = 0.166).  For the 3 packs that overlapped more extensively into the 50% core areas, 
mean overlap was 0.48 (SD=0.2.87). Thus, overlap between all packs in this study was 
less than 12%, and of the three packs overlapping into core areas (50% KDE), less than 
5% (Table 3).  
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Table 2. Descriptive statistics of wild dog home range and core area size estimated from a fixed 
kernel home range estimator and movement rates (m/s) in the core and boundary areas, and 
whether movement rates were significantly different using the Kolmogorov-Smirnoff test, 
Okavango Delta, Botswana, years 2002 and 2003. Three pack home range areas were calculated 
but movement rates and core areas were not for 2001 data.  
 
Pack 
Number 
of 
locations 
Homerange 
area 
Core  
(50%)  
area  
Movement 
rate 
boundary  
km/30 min 
Movement 
rate  
core  
km / 30 min 
Kolmogorov 
Smirnoff  
test for movement 
rates 
Chitabe 2002   341  409 km2 99 km2 3.02 2.23 D =  0.2717 , P < 0.01
Mogogelo 
2002  
980  687 km2  197 km
2
  2.85  2.49  D = 0.168, P < 0.03 
Mogogelo 
2003  
674  589 km2  183 km2  3.06  2.3  D =  0.1307, P < 0.09 
Vegan 2002   1256  229 km
2 85 km2 3.7 2.82 D =  0.1379, P < 0.01
Vegan 2003   612  176 km
2
82 km
2
3.85 1.7 D =  0.2097, P < 0.03
Xakanaxa 
2003 
207  740 km2  228 km2  3.84  3.56  D =  0.1721, P < 0.03 
Zankuyo 2002   911  762 km2 271 km2 4.11 2.61 D =  0.2682, P < 0.00
Chitabe 2001 892  ‐470 km2 ‐ ‐ ‐ ‐ 
Mogogelo 
2001 
939  ‐720 km2  ‐  ‐  ‐  ‐ 
Vegan 2001  294  ‐212 km
2 ‐ ‐ ‐ ‐ 
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Figure 2. Movement path for an African wild dog in northern Botswana showing movements 
between 30 minute GPS collar fix locations as a function of the 50% and 95% kernel density 
estimates of home range. Movement rates were significantly higher in territory boundaries (see 
text) as indicated by longer distances moved between locations in the boundary versus the core 
during these crepuscular, 30 minute durations.  
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Temporal Overlap 
Dynamic interaction analysis revealed that, of 11 overlapping pack pairings, eight 
showed significant avoidance between packs (Table 2), with average avoidance resulting 
in wild dogs occurring on average, 2.87 km (SD = 2.51) further from adjacent packs than 
expected if movements were random. However, three packs generated insignificant 
values and demonstrated neither attraction nor avoidance (two-tailed Z test p-values = 
0.09, 0.62, 0.75, Table 3) with neighboring packs, indicating random location 
distributions between paired packs at any time (‘random’ packs in Table 2). Given that 
the mean distance between random locations is equivalent to the home range centroids 
for two adjacent packs (Kernohan et al 2001), the ratio of the avoidance distance to the 
random distance gives a biological interpretation of the magnitude of avoidance. Given 
the mean avoidance of 2.87km, and the mean distance between home range centroids of 
23km, this indicates adjacent packs were 12% further from each other than expected.  
Volume Intersection (VI) calculations demonstrated that all packs overlapped 
with less than 0.50 indices (0 = no overlap, 1 = 100% overlap), except for Chitabe and 
Mogogelo packs in 2001 (VI = 0.63) (Table 3). Pack-pairings exhibiting avoidance had a 
mean VI of 0.14 (s.d. = 0.08), whereas those demonstrating random dynamic interactions 
had a higher VI of 0.43 (s.d.= 0.18) (Table 3). The highest overlap occurred between the 
Chitabe and Mogogelo packs in 2001 where an aggressive interaction was observed (see 
Behavior section below). At the 95% KDE level, VI overlap values ranged from 0.05 – 
0.63 VI with mean VI = 0.23 (s.d.= 0.16). At the 50% KDE level, VI values ranged from 
0.01 – 0.06 (s.d.= 0 .04) and showed extremely low probabilities of interaction.  
Temporal separation between packs in most overlap areas was extensive, with an 
average time between paired locations of 34 days. Packs rarely occurred simultaneously 
in overlap areas (N = 14 of 2,024) and were recorded within less than one km of each 
other only once (see below in Behavior section).The mean distance between concurrent 
locations in overlap areas was 10.15 km (range = 1.67 – 15.3 km). 
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Table 3.  Overlapping interactions: Wild dog pack Dynamic Interaction values indicating 
attraction or avoidance, and Volume Intersection Analysis values, indicating the amount of 
overlap between seven pack - paired events during 2001, 201 and 2003 in northern Botswana, 
using GPS collar data.  Randomly chosen locations were used to measure distances between 
packs, which were compared with temporally paired locations, which were < 5 min. apart 
(“Actual”). Two tailed P-values indicate that the hypothesis that wild dog packs avoid contact in 
overlap areas was not rejected. The average value of the random distances is the average home 
range centroid distance between each pack. 
Pack 1 Pack 2 Random  
Distance 
(km) 
Actual
Distance 
(km) 
P 2-tailed 
Z test 
Attraction or 
Avoidance 
Volume 
Intersection  
Veg01 Chi01 21.13 19.95 0.09 Random 0.38
Veg01 Mog01 14.45 16.13 <0.00 Avoidance 0.10
Mog01 Chit01 23.79 22.70 0.62 Random 0.63
Chi02 Mog02 19.98 22.82 0.07 Random 0.28
Zan02 Mog02 25.17 29.41 <0.00 Avoidance 0.11
Veg02 Mog02 18.48 23.11 0.01 Avoidance 0.11
Veg02 Zan02 26.83 31.88 0.04 Avoidance 0.31
Mog03 Veg03 26.93 28.49 <0.00 Avoidance 0.05
Xak03 Veg03 29.52 35.27 0.00 Avoidance 0.23
Xak03 Zan03 30.00 35.89 <0.00 Avoidance 0.07
Mog03 Zan03 25.13 27.35 0.02 Avoidance 0.14
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Figure 3. Example of two overlapping Utility Distributions (UD’s) from two collared African 
wild dogs (Mogogelo pack (blue line) and Chitabe pack (red line)) in northern Botswana, 2002, 
showing the 95% KDE probabilistic distribution and intensity of use of different areas of their 
territories. High intensity use areas are indicated by higher peaks. These two packs exhibited the 
most overlap between any overlapping pack pairs (Table 3), with volume intersections of the 
KDE’s equal to 0.63, where the mean overlap in the study was 0.21. 
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Scent Mark Distributions 
Sufficient scent marks (> than the recommended N =20) were collected from 
seven different pack-years of observations (Table 4). These were used to compare the 
distributions of scent marks in relation to pack movements, using GPS collar and 
observational data. Mean Bhattacharyya’s Affinity Index (BA) index was 0.68 (mean std. 
error = 7.47), supporting the scent cloud hypothesis (BA > 0.5) (Table 3). Only one pack, 
Zankuyo, showed weak preference for scent marking at their territory perimeter 
compared to other packs in 2002 and 2003 (BA = 0.45).  
Table 4. Scent mark locations compared to pack movements using Bhattacharyya’s Affinity 
Index to compare GPS collar generated locations to observed scent mark locations in seven pack 
years’ observations of African wild dogs in northern Botswana. 
Pack N scent marks Bhattacharyya’s 
Affinity Index 
Consistent with 
which scent 
marking 
hypothesis? 
S.D. 
Mog03 72 0.81 Scent cloud 0.12-2 
Mog02 35 0.69 Scent cloud 0.12-2
Mog04 23 0.78 Scent cloud 0.17-2 
Veg02 34 0.62 Scent cloud 0.11-2 
Veg01 38 0.96 Scent cloud 0.26-2 
Zan02 23 0.41 Scent fence 0.12-2 
Zan03 21 0.45 Scent fence 0.08-2 
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Figure 4. Distribution of GPS collar locations (circles) and observed scent mark locations (stars) 
from Mogogelo Pack, 2003, with a Battychara’s affinity index o f 0.81, indicating that wild dogs 
scent mark across their territories rather than just along boundaries, consistent with the scent 
cloud hypothesis.  
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Behavior 
Inter-pack interactions were observed at boundaries on four occasions during this 
study and all interactions were aggressive. Each observed encounter appeared to be a 
surprise to each pack and included alarm barking, a rare vocalization akin to a howl, 
twitter calls and a high degree of agitation among all wild dogs. Packs were seen running 
away from the conflict toward the interior of their respective territories. In 2001, Chitabe 
pack killed a member of an intruding group of males from neighboring Mogogelo pack, 
tearing at his genital area and inflicting fatal wounds (see Creel & Creel, 2002 for similar 
description). Five other wild dogs were found killed by conspecifics over the course of 
this study, suggesting that intra-specific strife is a consistent mortality factor for wild 
dogs here and accounted for at least 7% of this population during the period of this study. 
 There was substantial variation in the distance travelled by different packs, and 
the time elapsed between successive locations in the perimeter area.  Linear distances 
between successive perimeter locations averaged 2.19 km (N = 531, range = .00016 – 
11.71 km). The temporal frequency with which packs visited their perimeters also varied 
widely (range = 30 min – 27 days, overall mean = 44.07 hours).  
Discussion 
Territoriality 
Based upon observations, analyses and results of data presented here demonstrate 
that wild dogs in northern Botswana are territorial. Every prediction of territoriality in 
Table 1 was confirmed by testing for core / boundary differences, spatial-temporal 
overlap, and behaviors. The home ranges we measured in this population (average of 513 
km2) are similar to wild dog pack home ranges reported from other areas in Africa (Creel 
& Creel 2002).  But nearly half of neighboring territories did not overlap at all, showing a 
high degree of avoidance between packs. Spatial overlap between wild dog packs 
reported from Kruger National Park, South Africa indicate that overlap varied a great 
deal among adjacent packs, from substantial amounts to no overlap (Mills & Gorman 
1997). In northern Botswana, I found packs moved more rapidly near their boundaries 
than within their territory cores, and when spatial overlap occurred between some 
21 
 
territories, we found significant levels of temporal avoidance. Inter-pack interactions 
were observed on several occasions over six years and alarm, aggression and flights away 
from the encounters were observed each time. Because I studied wild dogs when they 
weren’t denning, they were territorial even when it was historically assumed they might 
be nomadic (Malcolm 1980, Robbins & McCreery 2000).  
Core and Boundary Use 
Wild dogs behaved differently depending upon their location within territories. 
Packs moved longer distances more quickly in the outer portion of their territories and 
more slowly in core areas. Increased travel rates near boundaries may help residents 
avoid aggressive conspecific interactions. With VHF telemetry, fewer locations would be 
gathered from packs in boundary areas and this has resulted in boundaries being 
interpreted as low intensity use areas (Creel & Creel, 2002), rather than zones where 
movement rates are increased. This highlights the importance of carefully examining 
GPS collar data, when available, because it can reveal differences in behaviors unlikely 
to be found by traditional telemetry.  
 Packs varied in how frequently they visited the perimeter of their territories (range 
30 min - 27 days) suggesting that wild dogs do not regularly patrol their territory 
perimeters, which would be necessary for maintaining a scent fence. The outermost 
points of each pack’s territory illustrate the line where the risks are highest for 
encountering conspecifics and, being the longest route around their territory, the most 
energetically costly to travel. Packs with smaller territories had shorter distances to travel 
to perimeters, and presumably had reduced travel risks than larger packs and these packs 
visited perimeters more frequently than packs holding larger territories.  
Spatial and Temporal Overlap 
To test for exclusive use within territories, the percent overlap of home ranges at 
the 95% kernel density estimator is often used (White & Garrott, 1990, Kernohan et al., 
2001) but this does not account for either temporal overlap, or the density of locations. 
Fewer than 50% of the pack home ranges we observed exhibited any spatial overlap with 
neighbors and we measured significant temporal avoidance in areas where packs did 
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overlap. I used Volume Intersection (VI) calculations to determine the degree of shared 
space use between packs, which allows for a comparison of different densities, or 
intensities, of use within an overlap area (Seidel, 1992). This method measures overlap 
when one pack might avoid another pack on a finer scale than would be noticed by other 
methods of analyses (Millspaugh, 2004) which allowed me to detect avoidance behavior 
between packs, or very low levels of interaction in overlap areasWith a mean overlap of 
0.11, and except for two pack’s observed strife in 2001, no territories exhibited 
substantial probabilistic overlap, indicating high levels of territorial behavior. Only three 
pack pairings exhibited random interaction indices rather than avoidance indices,  which 
may mean that these packs had less antagonistic relationships with their neighbors, or that 
they visited overlap areas frequently to  investigate scent marks from neighbors. I 
observed packs investigating neighbor’s scent marks and often over marking (depositing 
scent marks on top of or next to older, conspecific marks), which indicates that 
information exchanged at scent mark sites may increase visitation rates to these areas 
(Parker chpt.3 dissertation). 
 African wild dogs moved an average of 3 km / 30 minutes during their most 
active, crepuscular periods and moved more rapidly in their boundary areas ( average = 
3.49 km / 30 min) than in core areas ( average = 2.44 km / 30 min). Despite this high 
movement rate, I observed avoidance behavior of 3km or around 12% of the distance 
between adjacent wild dog territories, so interpreted this avoidance behavior as an 
energetically costly endeavor. However, I acknowledge that the question of biological 
and energetic significance of this level of avoidance remains to be tested. It is worth 
considering developing mathematical movement models to test whether the magnitude of 
spatial – temporal avoidance we observed in our study could implicate biological effects 
(see Moorcroft et al., 2006).  
Regardless of these caveats, it remains biologically significant that of the three 
packs showing overlap at the 50% level (Table 3), only one pair, Mogogelo / Zankuyo 
2003 exhibited temporal overlap, which occurred one day as Mogogelo pack forayed into 
Zankuyo territory and the two packs were less than 2 km apart for approximately 6 hours. 
The packs then separated and were next located near the cores of their respective 
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territories. This suggests that wild dogs foray into neighboring territories, possibly 
gaining information on the status of conspecifics by contacting scent marks within their 
territories. In this case, the resident pack seemed aware of this intrusion and followed the 
pack without making a risk-filled contact. It is likely from my observations of packs on 
forays, that the intruders were scent marking frequently over or near resident scent marks 
and leaving information for the resident pack. This may serve subdominant dogs in future 
as they make decisions about whether and where to disperse. 
Scent Mark Distributions 
Wild dog packs did not preferentially scent mark at the perimeter of their 
territories. Rather, distributions were aligned with pack movements. Two pack years with 
the lowest number of observed scent mark locations (Zankuyo 2002; N = 23, Zankuyo 
2003; N = 21) were the only pack years to exhibit BA indices of less than 0.50,which 
may be an artifact of low sample size and fewer observations of scent marking in the core 
of this large, and densely wooded territory. Scent marks act as both a defense strategy 
and social facilitation and may be a way for conspecifics to assess the composition of 
other groups (Lazero-Parea, 2001). Forays into neighboring territories and assessment of 
perimeter scent marks allow individuals to make decisions about dispersal and potential 
reproductive opportunities in neighboring packs. 
 Wild dogs are a quiet species, lacking loud, group long-distance vocalizations 
(which might attract predation by lions or kleptoparasitism by hyenas; Creel, 2002). 
Scent marking is undoubtedly the most important indirect defense mechanism of 
territoriality. Scent marking allows residents to leave long-lasting olfactory information 
at specific sites without being ‘overheard’ by predators or competitors, and allows 
reception by numerous conspecifics over time. It is evident that wild dogs do not patrol, 
nor mark solely at the perimeter of their territories. A far more economical approach was 
seen with scent mark distributions throughout territories, where intruders are likely to 
encounter an increasing number of marks as they penetrate the territory. The scent fence 
strategy of continuously marking territory perimeters is likely to be difficult for species 
with such large territories, although there may be biochemical differences in perimeter 
marks or deposition behaviors that indicate a boundary (Parker chpt.2 dissertation). 
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 Few species have been shown to maintain scent marks exclusively along their 
territorial boundaries, forming a repellent barrier (Muller-Schwarze & Heckman, 1980; 
Zuri et al., 1997). Many carnivores scent mark along their boundaries and at specific sites 
– which does not act as an inviolable barrier to non-residents - but serves as a detectable, 
identifiable, olfactory signal of the resident (Gorman & Mills, 1984; Gorman, 1990).  To 
maximize the likelihood of intruders encountering scent marks, wild dogs appeared to 
deposit marks along selected landscape features. Roads, pans, forest edges and river 
banks were commonly used as scent marking sites. These features likely carry scent 
along their lengths, transmitting olfactory information further than more obstructed areas, 
increasing the area available for scent reception.  
Behavior 
In many studied populations of wild dogs, there is evidence of wild dogs killing 
other wild dogs although direct observations are rare (Gorman, 1984; Creel & Creel 
1998, 2002). Mortalities of identified adults and yearlings due to intra-specific strife in 
other studies (Hluhluwe-iMfolozi, South Africa; Hwange, Zimbabwe; Kruger, South 
Africa; Samburu-Laikipia, Kenya; and Venetia, South Africa) accounted for an average 
of 8.09% of all deaths recorded in those populations (Woodroffe et al., 2007). When 
packs meet, severe fights and mortalities may occur and winners are likely to expand into 
the loser’s area (Creel & Creel, 1998). 
I observed the larger Mogogelo pack making incursions into Chitabe pack’s 
territory in 2001 and 2002. A group of dispersing Mogogelo pack males encountered the 
Chitabe pack and a sub-dominant male in Mogogelo pack was killed. During this period, 
the Mogogelo pack contained a dominant pair while Chitabe pack consisted of an un-
paired dominant female with a compound fracture of her right foreleg, and her offspring. 
A relatively large amount of spatial and temporal overlap was recorded during this time 
and our observations highlight the risks wild dog packs encounter when expanding their 
range or dispersing. 
By employing GPS collars and observing wild dog packs closely over long 
periods of time in this large, established population, we were able to test aspects of 
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territoriality which regulate populations and affect ranging behavior. I observed 
avoidance behaviors between neighboring wild dog packs, even when spatial overlap 
might otherwise indicate tolerance for conspecifics. Most large predators are wide 
ranging, territorial species that frequently cross protected area boundaries where they face 
higher risks of mortality due to exposure to humans and domestic animals (Woodroffe, 
1998). A better understanding of mechanisms controlling space use patterns and ranging 
behaviors that lead to increased mortalities can be used to inform reintroduction planning 
for wild dogs and conservation and management decisions for carnivores. 
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Chapter 2. 
ECOLOGICAL DIFFERENCES IN CHEMICAL SIGNATURES OF 
AFRICAN WILD DOG (Lycaon pictus) SCENT MARKS 
Abstract 
African wild dogs are social, wide-ranging, endangered carnivores that likely use scent 
marking as a primary mode of long-range communication rather than postures and loud 
calls commonly used by other social animals to communicate territoriality and group 
composition. From 1999 to 2004, scent marking behaviors were observed and urine and 
fecal samples were collected from known individuals in wild dog packs in the southern 
Okavango Delta of Botswana. Airborne organic compounds were extracted from 
headspace over urine and fecal scent marks and sampled using adsorbent cartridges and a 
low-flow vacuum pump, then identified using Gas Chromatography / Mass Spectrometry 
(GC / MS). A total of 120 compounds were identified and used for analyses using 
Principal Component Analyses, where clustering differences were found between 
dominant males, scent marking near territorial boundaries and females scent marking 
within the interior of territories. I hypothesized that chemical differences would be found 
between males and females, and between dominant individuals and subdominants, but 
these were confounded by the fact that male samples were collected on boundaries and 
female samples came from the interior, despite even sampling effort in these two regions.   
The presence and relative abundance of some compounds identified within categories of 
wild dogs suggest that these may be biologically important and used for intraspecific 
communication. Understanding the chemical ecology and behavioral signals that wild 
dogs use to communicate sex, status and territoriality may help in management and 
conservation of this species.   
Key Words - Carnivore, African wild dog, headspace volatiles, scent marks, territory, gas 
chromatography, mass spectrometry.  
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Introduction 
 Chemical compounds are used by virtually all living organisms to communicate 
information to others, and are vital to many social interactions, such as sexual signaling 
(Vandenbergh, 1973; Johansson and Jones, 2007), territorial behavior (Eichmann and 
Holst, 1999), individual and kin recognition (Brennan and Kendrick, 2006; Swaisgood et 
al., 1999), alarm signalling (Boissy et al., 1998), and individual status and body condition 
(Smith et al., 1997; Brennan and Kendrick, 2006).  Many mammals leave chemical 
signals in their environment to provide information when they are absent from the site. 
Mammals tend to secrete and excrete complex mixtures of chemicals (Albone, 
1977) and signals may be encoded by the relative concentration of suites of chemically 
diverse compounds (Albone, 1977; MacDonald, 1985; Zhang, 2005).  Analyses of 
mammalian chemical communication are often confounded by the extreme complexity of 
the chemical mixtures and extremely small quantities of biologically active compounds 
that can be detected by the mammal olfactory system. 
An increasing number of studies describe chemicals in mammalian scent marks 
and secretions.  Some researchers have gone further to identify compounds that are used 
in intra-specific communication (Singer et al., 1999; Novotny et al., 1999; Zhang et al., 
2008).  For example, chemical and behavioral explorations of chemical communication 
in giant pandas, Ailuropoda melanoleuca, in captivity have revealed differences in scent 
mark chemistry between pandas of different sex, age, status, and individual identity 
(Swaisgood et al., 1999; Hagey and Macdonald, 2003; Xhang, 2007). Experiments with 
wild beaver, Castor canadensis, provided evidence that castoreum and anal gland 
secretions placed on artificial beaver mounds acted as a repellent to beaver colonization 
for two years (Welsh and Muller-Schwarze, 1989). Crop-raiding by Asian elephants, 
Elephas maximus, usually adult males in musth, is a problem for villagers in India. 
Rasmussen et al. (2002) characterized the chemical differences of the secretions from the 
temporal glands of male elephants in musth and juvenile males.  They then conducted 
olfactory ‘playback’ experiments to test for behavioral reactions toward the scent 
secretions from the temporal glands of adult males in musth and juvenile males. 
Marauding elephants ignored the scent of adolescent males and avoided the scent of adult 
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males in musth (Rasmussen et al. 2002). These pioneering studies not only revealed 
important information about the chemical basis of olfactory communication, but also 
suggested very practical ways to reduce the conflicts between farmers and elephants by 
using the chemical signaling of elephants to keep them out of crop lands.   
 Identifying the composition of scent mark compounds, coupled with the 
behavioral ecology of a species is a difficult endeavor, yet an important avenue to 
understand social communication. Carnivores use chemicals in urine, feces and glandular 
secretions to signal sex, reproductive status, social status and individual identity as well 
as to advertise their presence and mark territorial boundaries (Macdonald, 1980, 1985).  
However, studies that have examined both scent marking chemistry and behavior of large 
carnivores in the wild are rare because of the difficulty in observing behaviors and 
collecting samples, and of analyzing chemistry of scent marks. Chemical communication 
in large carnivores is of particular interest because they are globally endangered and 
require conservation and management solutions to maintain viable populations and 
reduce conflicts with humans. (Mattson et al. 1996).  
 I observed scent marking behaviors and analyzed the chemical composition of 
feces and feces overmarked by a mate’s urine scent marks of African wild dogs, Lycaon 
pictus, in northern Botswana, where the dogs’ sex, hierarchical status and location 
relative to territorial boundaries were known (Parker diss. Chapter 1).   Wild dogs are 
among the most endangered animals in Africa (IUCN 2007).  They are highly social, 
nearly always in physical or visual contact with their packmates, and population units are 
considered packs rather than individuals (Woodroffe et al., 1997).  They range widely 
and maintain large territories. Packs can consist of over 30 individuals in Botswana 
(McNutt, 1986), of which one dominant pair tend to be the only breeding individuals, 
with all the subdominant animals helping raise the pups, although occasionally 
subdominant females produce litters (Kuhme, 1965; Malcolm and Marten, 1982).  
 I hypothesized that there would be differences in scent mark composition between 
male and female wild dogs, and that, through GC / MS,  I could identify compounds or 
suites of compounds that identify sex identity. This is the first study to explore the 
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chemistry  of scent marks of African wild dogs, and the first to study the associated 
behaviors of scent marking and one of few studies (but see Jordan 2004) to examine scent 
marking in a free ranging, wild carnivore. As the primary modality of communication in 
this wide ranging carnivore, scent marking likely helps determines many behaviors, from 
mate choice to territoriality and dispersal., Understanding chemical communication in 
wild dogs could help develop management tools for using a species’ own communication 
system to assist in its conservation. 
Methods and Materials 
Study area. I studied packs of African wild dogs for five years at the southern 
edge of the Okavango Delta in northern Botswana (19° 31´ S, 23° 37´E) inside and 
surrounding Moremi Wildlife Reserve.  The study area is approximately 2,500 km2 of flat 
Kalahari sandveld interspersed with riverine, dry riverine and ephemeral water pan areas 
with acacia tree species, Acacia nigrescens, and Acacia erioloba, and mopane trees, 
Colophospermum mopane, wooded islands. This region is classified as, Kalahari Acacia-
Baikiaea woodland and Zambezian Mopane woodland eco-regions (World Wildlife Fund, 
2001). Annual precipitation ranges from 300 – 600 mm (Smith, 1998) and occurs 
primarily from November – March.  
Field methods. Fecal and fecal with urine over-marked samples were collected 
from known age, sex and status individuals. Subdominant wild dogs typically do not 
overmark (urinate over feces of others), while mated pairs consistently overmark their 
mate’s feces with urine.  Behaviors were recorded during observations from between ten 
and 200 meters, while following packs in an open truck. These packs have been studied 
for 17 years as part of a larger study (McNutt 1996), and they are habituated to the 
presence of researchers.  All individuals can be recognized by their unique coat markings, 
and the dominance and reproductive status of all dogs is known.  Scent marks were 
collected when packs were moving and had stopped to scent mark as a group rather than 
when they were stationary at a rest site. Wild dogs generally urinate and defecate just 
after resting during the heat of the day and during a night’s rest, but these were 
considered eliminatory, rather than scent marking events. General habitat variables, pack 
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composition, individual identity, landscape features and Global Positioning System 
(GPS) locations were recorded.  
 Two individuals per pack wore radio collars and packs were often located using 
aerial telemetry, then found and followed by vehicle.  Individual dogs were identified by 
their unique pelage markings. Fecal samples were collected only when the pack had 
moved away from the sample so social behaviors were disturbed as little as possible and 
wild dogs did not see humans outside of vehicles.  Observations and sampling effort were 
split approximately equally between the purported boundaries and interiors for packs. 
Boundary and interior areas were defined using Global Positioning System (GPS) radio 
collars and Geographic Information System (GIS) analysis to determine wild dog 
movements in boundary and core areas (Parker, dissertation chapter 1) Scent marks were 
collected from pack members that could be seen clearly and identified. This ensured that 
I was able to unambiguously assign all samples with individual wild dogs. Samples were 
collected using 10 x 6 cm plastic containers, taking care to collect as much substrate 
(sand) as possible underneath each sample. Sample containers were left open and brought 
back to the research camp where samples were processed in an open-air laboratory. Scent 
marks were collected from approximately August through December of each year, 2000 – 
2004. This is during the dry season, when travel is less impeded by flood waters and after 
the denning season, when packs move across their territories without being constrained to 
a den site.   
Dominant pairs were identified by their unique coat markings.  In addition, 
dominant pairs exhibit fecal and urine over-marking behaviors, whereby virtually 
anytime one of the dominant pair urinated or defecated, their mate urinated over the urine 
or feces.  Such samples are referred to as overmarked samples, and they conain the feces 
and urine from both the dominant male and female. 
Following protocols developed by Bromenshenk et al (1997) I sampled airborne 
organic compounds from the scent mark samples using SKC 503 low-flow vacuum 
pumps, set at rates between 0.080 and 0.150 ml / min.  Four-phase Carbotrap 400 
adsorption-thermal desorption tubes (Supelco Carbotraps #400) were used to collect the 
compounds via 5mm ID Tygon tubing with the distal end attached to 2 mm ID copper 
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tubing, set within 3 cm of the sample. Each sample was placed, in its container at the 
bottom of a 70 x 70 x 30 cm metal box, with the lid partially open. Sampling times were 
approximately four hours. Loaded adsorbent tubes were sealed in individual glass vials 
and kept at -20C until analysis to prevent loss of compounds via re-volatilization. 
Background samples were taken approximately every tenth sampling day from an empty 
container so that ambient compounds could be subtracted from scent mark samples. 
 Gas chromatography-mass spectrometry (GC/MS) analysis.  A Dynatherm 
MTDU Model 910 thermal desorption unit and Model 900 ACEM sample concentrator 
were coupled to a  GC/MS with analyte separations on a Restek RTX502.2 capillary 
column (60m, 0.32 mm ID). Tubes were desorbed in the opposite direction to sampling 
flow after a four minute helium purge. Total time for each analysis was 50 min with five 
min at initial temperature 40° C, a ramp of 5° C/min to 220° C, and a nine min hold time 
at 220° C (following Smith et al., 2002). System blanks (sorbent tubes without media) 
were analyzed by GC/MS to determine the amount of contamination in the system. At 
least one system blank was analyzed per 8-tube sample batch. 
 In the chromatogram for each sample, major compounds were identified by 
automated searches of the HP and Wiley spectrometric libraries (Agilent Technologies, 
2002). When necessary, the Spectrometric Identification of Organic Compounds 
(Silverstein, 1999) was used to identify un-identified compounds with visually substantial 
peaks, having fit qualities of less than 85%. Classes of compounds were collapsed for 
initial analyses, e.g., 55 benzene compounds were lumped into ‘benzene’ based on 
retention times and literature references, while some benzenes were left as individual 
compounds based on literature review when they might be biologically active. I removed 
obvious contaminants (such as freon, a contaminant from freezers and petroleum 
hydrocarbons) labeling redundancies (e.g., caproic and hexanoic acid), compounds that 
occurred in only one sample with less than 85% library-assesed quality (n = 14) and 
compounds whose peaks occupied less than 0.01 of the total area within its 
chromatogram.  
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Peak areas were integrated, then normalized by dividing each peak area by the 
other substantial peaks in that chromatograph that were above threshold, and peak areas 
were expressed as percentages of the total peak area for the chromatogram. Peaks were 
considered substantial if they extended >20% past the baseline chromatograph registry 
and if a given peak was under the registry, its area was taken as zero (after Zhang, 2008). 
(Peak Area x 100 / Peak Areas of all significant peaks, following Zhang et al., 2008). 
Statistical analysis. Principal components analysis (PCA) of the chemical 
composition of scent marks was used to group scent marks into male and female 
categories (PC-ORD4, MjM software 2002).  General linear relationships among 
variables in the above categories were demonstrated before PCA was used (McCune and 
Grace, 2002). To determine the importance of specific compounds in discriminating 
between groups, and therefore indicating possible biologically active compounds, I used 
indicator species analysis (ISA; Dufrene & Legendre 1997) in PC-ORD4 (McCune & 
Mefford 1999). First, relative abundances of compounds were calculated whereby the 
proportional abundance of a particular compound by group relative to the abundance of 
that compound in both groups was determined. This percentage is the concentration of a 
compound’s abundance within a group. Then, the relative frequency of compounds (the 
proportion of samples by group that contained that compound) in each group was 
calculated. This percentage is considered the fidelity of a compound to its group. Finally, 
these two proportions are multiplied and expressed as a percentage indicator value. The 
statistical significance (p ≤ 0.05) of each indicator value was evaluated by a Monte Carlo 
method. This technique produces an indicator value (IV) for every chemical that ranges 
from 0 – 100, with 0 being no indication to100 a perfect indicator (Dufrene & Legendre 
1997). 
Differences between males and females were evaluated using multiresponse 
permutation procedures (MRPP) (Mielke 1984, Zimmerman et al. 1985) to determine 
whether the distribution of compounds were significantly different. MRPP is a 
nonparametric multivariate anlaysis of variance that allows separation of among-sex and 
between-sex variation in the distribution of compounds within each sex and sample. 
MRPP was run using PC-ORD4.28 (McCune & Mefford 1999). Data were square root-
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transformed before analysis and Sorenson distance was used as a measure of distance 
among samples in multidimensional dataspace. 
Results 
Scent mark samples were collected from 26 individual African wild dogs from 
seven packs over four years, resulting in 37 samples used for analyses. The GC/MS 
analyses generated an initial list of 1178 chemical names. After organizing related 
compounds into chemical classes based on retention times, removing redundant 
nomenclature and contaminantsthe initial candidate list was simplified to 120 compounds 
(Table 1).  
Table 1. Chemical compounds identified by GC/MS analyses from African wild dog scent mark 
samples collected in northern Botswana, using GC/MS of headspace volatiles over scent marks. 
The relative frequencies were analyzed by PC-ORD4, indicating the % of samples by sex in 
which a given compound was present. The relative frequency (the occurrence, by sex of a 
compound found in scent marks by % of samples where a compound was present) and relative 
abundance (% of abundance of a given compound by sex, over the average abundance of that 
compound in both sexes, expressed as a %) are reported for all 120 identified compounds. 
Compound Female
Frequency 
Male
Frequency  
Female 
abundance 
Male 
abundance 
alpha-pinene 33    13 94 6
alpha-pipene 14     0 100 0
beta-caryophyllene  0     6 0 100
gamma-terpine 10    0 100 0
1,2,3,4-Tetramethylbenzene 33    19 94 6
1,2,4-Trimethylbenzene 14    13 72 28
1,3,5,7- Cyclooctatetraene 10    13 98 2
1,3,5,7- Tetraazatricyclo 29    50 67 33
1,3,5-Trimethylbenzene 19     0 100 0
1,3-Bis(methylthio)-4-methyl-6,7,8 5     6 84 16
Unknown A 43    19 91 9
1,5-Hexadien-3-yne 5     6 98 2
1-Butanol 14    19 79 21
Unknown B 5    19 28 72
1-Hexanol 57    44 89 11
1H-Indene 33    25 98 2
1H-Indole 29    75 9 91
1H-Pyrrole-2,5-dione 10    13 43 57
1-Octene 5     0 100 0
1-Pentadecene 14     0 100 0
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1-Propanol 5     6 47 53
1-Propene 0    13 0 100
1-Tetradecene 5     6 43 57
2-(dimethylamino)-3-phenylbenzo 10     6 66 34
2,5-Cyclohexadiene 5     0 100 0
2,6-di-butyl 19     0 100 0
2-Butanone 48     0 100 0
2-Cyclohexene-1-one 57    13 96 4
2-Decanone 10     0 100 0
2-Heptanone 5     6 75 25
2-Heptene 10     0 100 0
2-Hexanone 14    13 37 63
2-Nonanone 14     6 93 7
2-Octanone 19     0 100 0
2-Pentanone 14     0 100 0
2-Piperidinone 5    56 29 71
2-Propanol 33    25 68 32
2-Propanone 48    56 80 20
2-Propenal,3 phenyl 5     0 100 0
2-Pyrrolidinone 14     0 100 0
2-Undecanone 10     0 100 0
3,5,5-Trimethylcyclohex-2-en-1-one 5     6 60 40
3-Heptanone 48     6 92 8
3-Octanone 19    13 83 17
3-Pyridinecarboxamide,N-methyl 10     6 94 6
4-Heptanone 10     0 100 0
5,9-Undecadien-2-one 10     0 100 0
6-Methyl-5-hepten-2-one 43    19 78 22
Acetamide 38    44 78 22
Acetic acid 100   100 44 56
Azulene 10    13 94 6
Benzaldehyde 95    94 64 36
Benzamide 10     0 100 0
Benzene 90    94 91 9
Benzoic acid 43    13 92 8
Benzothiazole 19     0 100 0
Benzyl alcohol 5     6 94 6
Bicyclo[4.2.0] octa-1,3,5-triene 0    13 0 100
Butane 62    19 74 26
Butanoic acid 71   100 20 80
C3-Benzene 24     0 100 0
Camphene 10     0 100 0
Cyclohexane 48     6 98 2
Cyclopentane 14     0 100 0
Decane 24     6 95 5
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Disulfide 24    13 74 26
Dodecane 52    31 91 9
Ethanol 24    13 85 15
Ethanone 71    94 67 33
Ethyl benzene 14     0 100 0
Formamide 33     0 100 0
Heptadecane 10     6 96 4
Heptanal 33    13 90 10
Heptane 0    13 0 100
Hexadecane 0     6 99 1
Unknown C 19     0 100 0
Hexamine 33    19 82 18
Hexanal 24     0 100 0
Hexane 38     6 95 5
Hexanoic acid 33    19 36 64
Isobutyric acid 24    13 65 35
iso-valeric acid 38    81 21 79
l-beta-Pinene 5     0 100 0
Limonene 43    44 93 7
Methanamine 33    44 70 30
Methane 100    81 64 36
Methanone 43    44 85 15
Methyl propionate 5     6 12 88
Methylcyclohexane 10     0 100 0
Methylnaphthalene 19     6 90 10
Naphthalene 86    88 87 13
Neo-allo-ocimene 10     0 100 0
N-ethyl- 1,3-dithioisoindoline 14     0 100 0
Nonadecane 14     0 100 0
Nonane 24     0 100 0
Octanal 19     6 93 7
Octane 19     0 100 0
o-Ethyl toluene 5     0 100 0
Para-cymene 14     6 93 7
Pentadecane 43     6 99 1
Pentanal 19     0 100 0
Pentanoic acid 48   100 25 75
Phenol 90   100 46 54
Piperidinone 10    13 55 45
Propanamide 5    56 13 87
Propanedioic acid 0    13 0 100
Propanol 10     6 91 9
Propionic acid 76    88 13 87
Pyridine 33    38 97 3
Quinazoline 14    38 58 42
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Quinoxaline 5    19 67 33
Styrene 48    44 96 4
Sulfur dioxide 33    69 44 56
Tetradecane 57    38 98 2
Thymyl acetate 19     6 97 3
Toluene 10     0 100 0
trans-Caryophyllene 0    13 0 100
Tridecane 86    81 85 15
Trisulfide 14    31 61 39
Undecane 57    31 65 35
   
Sex.  Of the 37 wild dog samples used for these analyses, two were from pups less 
than six months old. Of the 35 adult scent mark samples, 12 of 16 male samples were 
from dominant males, and 15 of 18 female samples were from subdominant individuals. 
In spite of approximately equal sampling effort along the boundaries and the interiors of 
territories, all the male samples were collected from boundary locations while 15 of the 
18 female samples came from territory interiors (Table 2). This distribution of samples 
was significantly non-random (χ2 with Yates correction = 18.9, df = 3, p < 0.0003) 
Dominant samples were always overmarked and were classified by the sex of the animal 
defecating and not by the sex of the animal (mate) overmarking with urine (n = 3 female 
and n = 12 male). Data were input into PCA untransformed and revealed 26.975% of all 
variance was accounted for in the first three axes. Males grouped tightly together in PCA, 
while individual female samples displayed a great deal of variance (MRPP, n = 37, A = 
0.115, p = 00000022) (Fig 1).  
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Figure 1.  A) Principal Component Analysis of scent marks for African wild dogs.  Solid circles 
are samples from females; open circles are samples from males.  The crosses show the locations 
of the centroids with 95% confidence intervals.  B) These are the same data as shown in Figure 1, 
except that the location of some specific samples is shown. The underlined letters indicate 
samples from male wild dogs; the non-underlined letters indicate samples from female wild dogs.  
The letter codes indicate the following:  S = subordinate; D = dominant; B = boundary; I = 
interior. The two SB female samples are on the sample points. 
 
 
A 
B 
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Table 2.  The distribution of adult wild dog fecal and fecal with overmarked urine samples used 
in each Principal Component Analysis. In addition to these samples, three pup samples, sexes 
unknown, were included, which grouped with males. 
 Dom female Dom male Subdom female Subdom male
Boundary 3 12 3 2 
Interior 0 0 15 0 
 
The Indicator Analyses of the PCA scores and the compounds showed that of the 
120 compounds included in the analyses, a much smaller subset was significantly 
correlated with male or female signatures.  Seven compounds were significant indicators 
of dominant male scent marks:  butanoic acid, pentanoic acid, 1H-Indole, iso-valeric acid, 
propanamide, and propionic acid (Table 2). Fifteen compounds were significant 
indicators of female scent marks (Table 2).  
Table 3. Compounds from fecal samples that showed significant indicator values by sex of wild 
dogs.    
Compound  Sex 
Indicator 
Value Mean S.Dev p* 
Butanoic acid Male 80.3 49.1 5.99 0.001 
Pentanoic acid Male 75.5 42.3 5.97 0.001 
1H-Indole Male 68.5 39.6 8.4 0.001 
iso-valeric acid Male 64 36 5.95 0.001 
Propanamide Male 49.2 21 6.5 0.001 
Propionic acid Male 76.2 49 6.8 0.002 
2-Piperidinone Male 40.2 21.7 6.77 0.015 
2-Cyclohexane Female 55 26.9 6.69 0.002 
2-Butanone Female 7.6 21.4 6.79 0.005 
Benzene Female 82.1 57.1 8.41 0.006 
Naphthalene Female 75 52.4 7.43 0.006 
Cyclohexane Female 46.4 24.2 7.28 0.007 
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Pentadecane Female 42.6 22.1 7.18 0.008 
3-Heptanone Female 43.9 23 6.69 0.012 
Dodecane Female 47.5 30.1 6.82 0.014 
Tetradecane Female 55.8 34.9 8.43 0.026 
Benzoic acid Female 39.3 22.9 6.73 0.028 
Formamide Female 33.3 17.6 6.29 0.029 
Hexane Female 36.4 20.3 6.86 0.035 
Butane Female 46.1 30.5 7.43 0.042 
1-Hexanol Female 50.7 34.9 7.64 0.043 
Nonane Female 23.8 12.8 4.99 0.054 
 
In addition to the compounds shown in Table 2, female scent mark samples 
contained 41 compounds which were found overwhelmingly in female samples ( >98% 
of the compound occurred only in female samples see Table 3) and male samples 
contained only six compounds unique to male scent marks; beta-caryophyllene, 1-
propene, propanediocic acid, trans-caryophyllene, heptane and bicycle [4.2.0] octa-1,3,5-
triene.  
Discussion 
GC / MS Considerations.  I collected and analyzed the airborne organic 
compounds from scent marks of African wild dogs for the first time with the hope of 
capturing the broadest and most general data to help describe differences between sexes. 
There is no universal, unbiased sampling method, but the technique that was employed 
has been proven with air contamination sampling and honey bee hive compound 
extraction (Bromenshenk 1997, Smith et al. 2002).  Activated carbon adsorbents are 
designed to trap air pollutants, and the detection by GC-MS of methane (Table 1) attests 
to their effectiveness in this regard. In general there will have been a bias towards lighter 
compounds; the suitability of carbon traps for higher molecular weight compounds is 
compromised by the difficulty of thermally desorbing such compounds. The heaviest 
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compound identified was heptadecane, but long chain acids and their esters which are 
commonly found in carnivore scent marks were not identified. The categories of 
compounds which were identified were nonpolar organics (alkanes, alkenes, alkynes, 
cycloalkanes, aromatics, terpenes, biphenyls), partially oxygenated organics (alcohols, 
ethers, ketones, aldehydes, acids, esters), organonitrogen and organosulfur compounds 
(amines, amides, heterocycles), and organochlorine compounds (solvents). In future, 
using different column coatings and/or sampling media would likely increase the chance 
of identifying other classes of compounds (Smith et al., 2002). 
Wild dog ecology.  Olfactory signals are obviously a vital component of wild dog 
life. Wild dogs are strong-smelling animals that broadcast a distinctive, musky odor. 
They are highly social with frequent social contact; licking, rubbing, walking under one 
another (undoubtedly exchanging preputial gland and other sebaceous gland secretions) 
and grooming one another. Body secretions are exchanged and explored among pack 
members nearly constantly. Wild dogs are also very curious about, and overtly explore 
scent marks, feces, urine and anal sac secretions left by conspecifics (Parker dissertation 
Chapter 3).  
Chemical signals originate in a diversity of sources, including; hormonal, 
bacterial, genetic, dietary and environmental processes. Anal, vaginal, and preputial 
glands add secretions to feces and urine and are often left as chemical signals along with 
excreta (Bradbury & Vehrencamp 1998). In addition, chemicals may have multiple 
functions, particularly when odors are complex mixtures of hundreds of compounds 
(Albone 1984).  
Of the 120 compounds identified and subjected to statistical analyses, several 
were very abundant, meaning that their chromatographic peaks were at least 50% larger 
relative to the average area of other peaks in each chromatogram.  These were 
cyclohexane, 2-propanone, acetic acid, butanoic acid, iso-valeric acid, pentanoic acid and 
propionic acid.  Butanoic acid, iso-valeric acid, pentanoic acid and propionic acid were 
compounds found in significantly greater abundance (over 75% relative abundance) in 
dominant male samples, found on territory boundaries.  Cyclohexane and 2-propanone 
were found in over 98% and 80% respectively of female scent mark samples. That these 
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compounds may be important biological indicators of sex as well as hierarchical status, 
and that they were very abundant, supports the idea that sex and dominance signals may 
require chemical production sufficient to advertise over time without frequent 
replenishment. These may be environmentally important signals specific to sex signaling, 
but may also contain information regarding dominance or territoriality. These samples 
were confounded by the fact that a majority of samples on boundaries were dominant 
males, and those from interiors were a majority female. 
At the beginning of this study I attempted to sample equally among all categories 
(males, females, dominants and subdominants) at boundaries and interiors.  However, 
virtually all scent mark samples on boundaries were from dominant males, while those 
from the interiors were from females.  These results suggest that there are sex-specific 
differences in scent-marking behaviors: male wild dogs appear to scent mark more 
frequently than females at territorial boundaries which is a behavior documented in other 
canids, such as wolves and coyotes (Wells & Beckoff 1981, Gese & Ruff 1997).  Females 
appear to restrict the majority of their scent marking to territory interiors, allowing 
intruders and potential prospectors to assess a boundary by male scent marks, and 
information on pack composition and female availability in the interior. This may also 
help explain the chemical similarity among male scent marks, whose biological 
importance may be primarily to mark boundaries and defend mates. Female scent marks, 
much more variable in their volatile chemical composition, may offer different types of 
information to conspecifics that penetrate a chemically-advertised boundary. 
It is likely that suites of compounds act to communicate information in more 
subtle ways. Those which differ the most between categories are candidates for 
compounds that communicate important social information Those compounds identified 
with significant indicator values (Table 2) are such compounds. Many of these may act in 
consort to provide meaningful social signals and may serve multiple signaling functions, 
depending upon the context in which the signal is deposited and received. 
Sex.  Female samples contained more compounds than male samples and 15 
compounds were unique to females (Table 2):   this may contribute to the much higher 
variability of chemical signatures for females compared to males illustrated by the PCA. I 
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collected these samples outside the breeding season, so compounds related to estrous are 
not likely contributors to these profiles.  
Male samples did contain compounds not found in female samples (n = 7) and of 
these, carboxylic acids are quite pungent, heavy with scents of vomit, sweat, and dirty 
socks. The tight grouping displayed by male samples may be due to males filling a 
narrower and more stable role in wild dog social structure, where their behavior or 
physiology may be less variable than females. It may also be more important that the 
chemical properties of male scent marks, especially dominant males on boundaries, be 
detected farther away and with more clarity. Further research to explore molecular 
weights, the ability of sex-specific compounds to bind with other compounds and the 
physical volatility of these categories of marks may offer ecological insights into these 
differences. 
Dominant female scent marks (n = 3), overmarked with male urine, grouped more 
closely with male scent marks. This may simply be due to the fact that male urine 
volatilizes as a male signal and masks some or many of the female volatile compounds 
present in female feces. This may serve to ‘protect’ females from being discovered by 
intruders and prospectors, especially near territory boundaries. Occasionally, 
subdominant wild dogs breed and produce a litter, which may serve as an ‘insurance 
policy’ for the pack in case the dominant female’s litter fails. An overmarked sample 
produced by a breeding subdominant female also grouped in PCA more closely to male 
scent marks. Two subdominant female scent marks found on territory boundaries grouped 
with females.  
 Boundaries.  Wild dogs are at risk of predation and kleptoparasitism from other, 
larger predators (Creel & Creel 2002). To advertise residency of a territory, and the intent 
to defend it, they likely employ chemical signals through scent marks as a system safer 
than advertising their current location by long range calls which would allow other large 
predators to locate them. Scent marking has been shown to play a role in wild dog 
territorial behavior, where territories can overlap but packs virtually never occur near the 
same place at the same time. (Parker, dissertation chapter 1). My results are consistent 
with the idea that male scent marks deposited at territorial boundaries would be expected 
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to contain information that signal territorial defense, and compounds present, or more 
abundant in territorial scent marks compared to interior scent marks are candidates for a 
this function. However female samples from boundaries did not group with male 
boundary marks, but were consistent with female samples (Fig. 1). 
 Wild dogs exhibited behaviors not seen in any other context while defecating near 
their boundaries and along roads. These areas may act as important scent marking 
locations in overlap zones between pack territories. Entire packs were seen defecating 
and urinating at border locations (pers obs) and individuals were occasionally seen 
defecating with ‘wheelbarrow’ postures, putting their weight onto their front legs and 
lifting their hind legs off the ground to defecate in a wide, circular pattern. It may be that 
particular scent marking behaviors at boundary locations signal a boundary for intruders 
and residents. Males appear to defeacate more frequently at boundaries than females, 
which in itself may signal a defended boundary. 
 Mammal scent marks can contain information regarding the competitive ability of 
the owner (Gosling & Roberts 2001, Hurst & Beynon 2004, Carazo et al, 2007). This 
doesn’t mean that scent marks act as chemical barriers to potential intruders but may 
function as attractants to a site for intended encounters, especially when breeding 
opportunities are available (Carazo et al, 2007). Each time a wild dog deposits a scent 
mark near a shared boundary or on an intruder’s scent mark, they increase the amount of 
scent at that site and emphasize the location and information contained in both scent 
marks.  Wild dogs were seen leaving scent marks on and near both fresh and old scent 
marks. This may draw attention to scent marks where the greatest comparison exists 
between a fresh and degraded scent mark and acts as a sign of current occupancy. 
 Volatility.  Wild dog scent marks were found to contain compounds with a wide 
range of volatilities. Volatile compounds have low molecular weights that detach from 
the scent mark and become airborne, while heavier molecules remain in the scent mark or 
substrate. As compounds become airborne, they are lost from the scent mark and so scent 
marks that signal using lower molecular weight compounds require more frequent 
replenishment to maintain signal integrity (Hurst 2005). However, if wild dogs revisit 
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scent marking sites frequently, low molecular weight compounds could deliver 
information on the timing of recent visitations. 
Identifications 
Because this study was based in the field and samples were stored and processed 
in open-air containers, then stored in propane freezers, there is a high likelihood of 
contamination to the samples at every stage of collection, processing and storage. I 
removed the obvious contaminants before statistical analysis, but some compounds may 
be biologically significant to wild dogs and also be present as contaminants. For instance, 
toluene may be a contaminant from petrol, but was noted as a biologically active 
compound produced by pandas (Swaisgood 1999). Likewise, compounds which have 
been identified as insect pheromones may have contaminated these samples, may be used 
by wild dogs as signals, or may have evolved convergently as communication signals in 
wild dogs. 
Wide-ranging carnivores that revisit portions of their territories only rarely may 
utilize scent marks containing high molecular weight compounds to generate signals that 
last a long time in the environment. Wild dogs exhibit great variability in revisiting areas 
within their territories except when denning, yet their scent marks elicit strong behavioral 
responses by conspecifics after ten or more weeks (Parker diss. Chapter 3).  The substrate 
upon which a scent mark is left may extend the life of the scent, and an animal 
investigating a scent mark can, to some degree, refresh the odors by licking or exhaling 
on the scent mark (Alberts 1992, Muller-Schwartz 2006).   Highly polar compounds like 
short chain acids would be expected to bind tightly to soil minerals, prolonging their 
release from scent marks on soil.    
 This study was the first to explore scent marking chemistry of this wide-
ranging, endangered carnivore. Differences found between categories of wild dog scent 
marks establish the importance of chemical communication among wild dogs as the basis 
for communication and social interactions.  Further studies may illuminate finer scale 
scent marking biochemistry to investigate species specific chemical communication and 
its potential role in management to manipulate behaviors to assist in keeping wild dogs 
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from domestic animal conflict areas, or even to assist wild dogs to disperse more safely 
across high risk landscapes.  
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Chapter 3. 
AFRICAN WILD DOGS DISCRIMINATE BETWEEN CATEGORIES OF 
CONSPECIFICS USING SCENT MARKS 
Abstract 
Scent marking is often used by territorial animals to advertise their presence. Among 
social animals, scent marking serves important functions for group defense of space and 
repelling intruders. However, scent marking may also be a source of conflict in social 
groups, where the benefits of repelling intruders may confer uneven advantages among a 
group, as intruders could also be potential mates for subdominant individuals. African 
wild dogs, Lycaon pictus, are wide-ranging, highly social, carnivores, with one dominant 
mated pair most often the only reproductive members of a pack. Scent marking at 
boundaries may advertise territoriality as well as attract potential mates. Using 
experimental placement of scent marks from different sex and status wild dogs, I tested 
several hypotheses about the function of scent marks in a population of African wild dogs 
in northern Botswana, including whether wild dogs reacted differently to scent marks of 
conspecifics depending upon their sex and social rank. I used both single scent marks 
(from one animal) and multiple scent mark (from a group of animals) to test whether wild 
dogs distinguish between sex and status of conspecifics, whether they react differently to 
single scent marks and scent marks from several animals, and whether they distinguish 
neighbors from non-neighbors. Packs did not investigate single scent marks unless these 
scent marks were overmarked with urine by a dominant, reproductive, wild dog. 
Dominant wild dogs investigated scents from other groups for longer and more 
intensively than did subdominants and were more likely to overmark or countermark 
strangers’ scent marks. Wild dogs investigated scent marks from non- neighboring packs 
more intensively and for longer than those from stable neighboring packs, suggesting a 
‘dear enemy’ reaction to conspecifics.  
Key words: Africa, dominance, scent mark, wild dog  
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Introduction 
Chemical communication is widespread across the animal kingdom. In mammals, 
chemical communication is very important, and can convey many types of information, 
including sex, reproductive status, group membership, health and individual identity 
(Dunbar 1977; Brown & Macdonald 1985; Davies et al. 1988; Swaisgood et al. 1999). 
Chemical communication helps animals advertise their territories, assess competitors, 
identify kin or potential mates, and maintain stable social groups (Ralls 1971; Gorman 
1984; Gosling et al. 1996). Cooperatively breeding, territorial species require high levels 
of communication to defend group resources, and this is achieved chemically in many 
species (Gese & Ruff 1997; Sillero-Zubiri & Macdonald 1998; Hurst et al. 2001). For 
example, many social carnivores advertise their territories by scent marking where 
potential intruders are likely to encounter them (Kruuk 1972, 1978; Doolan & Macdonald 
1996; Gese & Ruff 1997; Sillero-Zubiri & Macdonald 1998).  
Scent-marking is defined as the deposition of glandular secretions, feces or urine 
as a means of communication, where depositing a scent mark in a specific location 
maximizes its chances of being intercepted by a recipient. (Gosling et al. 2000, Gorman 
& Trowbridge 1989). Recipients often overmark other scent marks, urinating or 
defecating on top of the mark, or countermarking, by urinating or defecating next to the 
mark. Social carnivores are often aggressive when they encounter other conspecifics, but 
neighbors and intruders are not only competitors, but they can also be potential mates 
(Mech 1980; Allen et. al. 1999; Gese 2001; Lazeo-Perea 2001). Information exchanged 
by neighbors at shared borders or during forays into neighboring territories allow for an 
assessment of the composition, potential vacancies and breeding opportunities in 
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neighboring groups. While dominant pairs tend to control breeding opportunities within a 
group, subdominants’ participation in territorial defense and investigation may act to 
provide information for future dispersal decisions and breeding opportunities (Lazaro-
Perea 2001). Reproductive members of a group tend to benefit from excluding intruders, 
while subdominant animals may lose out on breeding opportunities when excluding 
potential mates.  
Territorial residents benefit from maintaining stable boundaries with known 
neighbors that are less likely to trespass, as opposed to strangers that may be more likely 
to invade a resident’s territory. This recognition of different classes of conspecifics is 
known as the “Dear Enemy” effect (Fisher 1954). For example, many birds are able to 
distinguish between neighbors and strangers based on vocalizations (reviewed by 
Ydenberg 1988), and some mammals have been shown to use olfactory cues to 
discriminate between neighbors and strangers (Ferkin 1988; Rosell & Bjorkoyli 2002; 
Palphramand & White 2007). An alternative, but not mutually exclusive hypothesis, 
termed, ‘threat-level’, predicts increased aggression between neighbors, assuming that 
neighbors pose a greater threat than strangers to residents’ mates and territories (Temeles 
1994). Evidence for this alternate hypothesis was demonstrated in a social carnivore, the 
banded mongoose, Mungo mungo, where increased aggressive responses were shown 
between neighbors over strangers (Muller & Manser 2007). It benefits a social group to 
evaluate the threats posed by neighbors and strangers, and to be able to discriminate 
between higher and lower threat conspecifics. 
The spatial distribution of scent marking can be important for maintaining 
boundaries. By scent marking near territorial boundaries, animals are able to advertise 
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their occupancy of an area to potential intruders at some distance from their core areas, 
which may minimize the costs of territorial defense (Maynard-Smith & Pyke 1973; 
Gosling & Roberts 2001). Rather than acting as an impenetrable barrier, scent marks may 
leave chemical information to inform and possibly deter intruders by allowing receivers 
to assess the status, physiological state, size or number of individuals scent marking, 
(Zuri 1998; Simons 1999; Rosell 2000; Swaisgood 1999). Scent marks can also act as 
signals in mate selection and dominance assessment by the chemical composition and 
relative positioning of marks (Rosell 1997; Sun 1998; Kumura 2001, 2000). Potential 
intruders may assess the reproductive or dominance status of residents by identifying 
overmarked or countermarked scent marks, which is a common form of competitive 
advertisement in many species (Johnston et al. 1997; Ferkin 1999, 2005; Ferkin & Pierce 
2006). Females in several rodent species prefer the odor of top-scent males, so 
overmarking and countermarking can provide advantages to the individual whose scent is 
topmost or more abundant by offering less modified chemical information and thus 
advertise their competitive ability to occupy the area (Johnston et al., 1997, Ferkin, 
1999). Overmarking and countermarking are likely important strategies of defense along 
territorial boundaries, as well as cues for potential mate assessment among groups of 
animals. For scent marks to influence territorial defense and spacing, and conspecific 
assessment, animals must be able to distinguish between categories of scent marks and 
between neighbors and strangers.  
Wild dogs, Lycaon pictus, are wide-ranging carnivores and one of the most 
endangered mammals in Africa (IUCN 2007). Among the most social of carnivores, 
individual wild dogs cooperate to feed and guard litters of pups, hunt, and defend their 
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large territories in packs of up to 30 or more individuals. There is usually only one 
dominant pair in a pack, and they are typically the only animals to breed. Subdominant 
wild dogs disperse in same-sex groups without sex-bias in dispersal rates (McNutt 1996). 
Adult females are usually siblings of the dominant female and adult males usually 
siblings of the dominant male (Frame et al. 1979, Malcolm & Marten 1982). Unlike other 
large carnivores, wild dogs do not vocalize as a form of territorial advertisement, and 
likely use chemical information to advertise boundaries. While wild dogs do not scent 
mark exclusively at territorial boundaries, they often exhibit unique postures and fecal 
marks when scent marking there, which may provide visual and olfactory cues (Parker 
dissertation, Chapter 1).Behavioral and possibly chemical differences occur between 
territorial boundary and interior scent marks, where males scent mark more frequently 
than females (Parker dissertation, Chapter 2) and these differences may indicate the 
presence of a territorial boundary where defense and assessment between conspecific 
groups occur. However, because of the difficulty of determining the source of most scats 
(e.g., which species, which group, etc.), few studies have been able to test whether social 
carnivores can distinguish between conspecific categories. Observations of wide ranging 
species are difficult and often limit the amount of intraspecific behavioral information 
that can be observed, but as conservation and management concerns increase for wildlife, 
especially for endangered species, the mechanisms for territorial and conspecific 
assessment become more significant for management.  Where carnivores are being 
reintroduced, it is vital to understand mechanisms of territoriality (for review, see Miller 
et al. 1999). This is the first study to explore mechanisms of communication and behavior 
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in African wild dogs, aimed at conservation and management of this endangered 
carnivore.  
I conducted experiments to determine if African wild dogs distinguish between 
different kinds of scent marks placed in their territories, based on the number, dominance 
status and sex of the individual dogs that produced the scent marks. These experiments 
were similar to vocal playback experiments, in that I presented packs of wild dogs with 
different kinds of olfactory stimuli and recorded their behavioral responses. I performed 
two different types of scent mark experiments.  In single scent mark experiments I moved 
the scent mark of one wild dog into the territory of another pack to examine how a pack 
responded to the scent mark of an individual intruder. In group of scent mark 
experiments, I moved the scent marks of five wild dogs from on pack into the territory of 
another pack to examine how a pack responded to the scent marks of an intruding pack. 
With the single scent mark experiments, I tested whether wild dogs reacted differently to 
scent marks based on sex or social status.  I hypothesized that subdominant wild dogs 
would have a more intense reaction to the scent marks of a subdominant individual of the 
opposite sex, since this might be a wild dog prospecting for possible breeding 
opportunities. Groups of scent marks were similarly placed to test whether recipient 
packs discriminate between scent marks from their own pack, neighboring packs, and 
non-neighboring packs. I hypothesized that wild dogs would discriminate between scent 
marks from their own pack and other packs, investigating non-neighbors longer and more 
intensively than neighbors’ scent marks and neighbor’s marks longer than their own scent 
marks.  
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Methods 
I conducted scent mark experiments on a population of African wild dogs in 
northern Botswana at the southern end of the Okavango Delta (19° 31´ S, 23° 37´E). This 
region is characterized by flat Kalahari sandveld dominated by mopane 
(Colophospermum mopane) and several species of acacia trees (Acacia spp.). It lies 
within the Acacia-Baikiaea woodland and Zambezian Mopane woodland ecoregions 
(World Wildlife Fund 2001). Landscape features include riverine and dry riverine 
habitats, treed islands and open grass plains. The study area is approximately 2,500 km2, 
which covers Moremi Wildlife Reserve, the western edge of Chobe National Park and 
surrounding tribal lands. Annual precipitation (300 – 700 mm) is highly seasonal, with 
most rainfall occurring during December – March.  
Experimental Design and Sampling  
I conducted scent mark experiments during the late dry seasons (July – 
December) of 1999 – 2004. This is past the end of denning season, when wild dog packs 
were not restricted to den sites. An average of four wild dog packs per year was used to 
collect scent marks and conduct these experiments. (Fig. 1). Packs were located using 
300 g VHF Sirtrack (Havelock North, N.Z.) or Telonics (Mesa, Arizona, U.S.A.) radio 
collars from the air with a microlight Beaver RX550 or a Cessna 182, and from the 
ground from an opentruck. Locations were recorded with GPS (Garmin GPS II Plus 
handheld units). Radio collars were placed on an average of two individuals per pack (see 
Parker dissertation chapter 1, and McNutt 1996 for capture and immobilization details). 
Individuals were identified by their unique pelage markings. Dominance status and 
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pairing status was known for all individual dogs by intense behavioral observations of the 
packs. Paired animals were also identified, among other behaviors, by their overmarking 
behaviors, in which the dominant male and female consistently urinated on (overmarked) 
the other’s urine and feces, often many times. 
Collection of Scent Samples  
Samples were collected from known individuals both singly and in groups for the 
two different scent mark experiments. All scent marks were collected in open, plastic 
containers scooped with approximately four cm of substrate. Scent marks were collected 
once the pack moved away from the immediate area to avoid habituating wild dogs to 
humans on the ground. Fecal samples were considered scent marks rather than 
eliminatory defecation only when the animals moved to a location and away from a day 
or night sleeping site (when they all typically defecate and urinate). The containers were 
left open and stored in an open-air laboratory until they were used for the experiments. 
Group samples consisted of one dominant, overmarked scent mark with scent marks from 
four subdominant animals.  For the group scent mark experiments, these were placed 
within an approximately 20 x 5 m area to mimic typical scent marking placement. Group 
scent marks were collected from known individuals when a pack was within 500 m of 
territorial boundaries (Parker dissertation, Chapter 1) that were identified by movement 
patterns using Geographic Information System analyses (ArGIS 9.2 ESRI 2007).  
Wild dogs are crepuscular and tend to rest at night and during the heat of the day 
(Creel & Creel 2002; M. Parker unpublished GPS data), so experimental samples were 
placed during the mid-afternoon for evening observations, or after a pack had settled for 
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the night for observations the next morning. I presented control scent samples to recipient 
packs, which included dung from impala, Aepyceros melampus, (N=5), tsessebe, 
Damaliscus lunatus (N=4), and greater kudu, Tragelaphus strepsiceros, (N=3), scats 
from larger carnivores, spotted hyena, Crocuta crocuta (N=6), lion, Panthera leo, (N = 
4), cheetah, Axinonyx jubatus (N = 2) and scats from a scavenger, black-backed jackal, 
Canis mesomelas (N= 4).  
I conducted the single scent mark experiments during 1999 – 2002.  Observations 
of the behavioral responses of the recipient pack were conducted with an observer or 
observers watching from an open truck and recording durations and intensities of 
responses. For single scent mark experiments (N = 24), I presented recipient packs with a 
scent mark from an individual not belonging to their pack. Five treatments were 
presented as: 1) a scent mark from a dominant individual, overmarked by its mate; 2)_a 
subdominant female scent mark; 3) a subdominant male scent mark; 4, a dominant female 
scent mark; and 5) a dominant male scent mark.  
Behavioral responses were recorded with the following categorical variables: 1) 
No discernable response by any member of the recipient pack; 2) Approach and sniffing 
for less than 30 seconds by any member of the pack; 3) Sniffing > 30 seconds, touching 
scent mark or rolling near the sample; and 4) Overmarking or countermarking the sample.  
I conducted the group scent mark experiments from 2001-2004. Samples 
collected from packs near their territorial boundaries were placed near a recipient pack as 
soon as an appropriate recipient pack could be located, with presentations occurring 
within 1-6 weeks. If the recipient pack moved away from the sample without 
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encountering it, the samples were picked up and moved to another location. Other than 
this, no scent samples were used for more than one recipient pack. Group experiments 
were filmed using a handheld, digital video camera (JVC 700x, GR-D3OU).  In addition, 
behaviors, times and individuals involved were recorded using a digital camera 
(Panasonic Lumix DMC-FZ5). Digital video was analyzed for durations and types of 
behavioral responses using Sony VAIO Media program. Time categories for behaviors 
were recorded for individuals from the beginning of their approach to a sample until they 
stopped investigating the sample and began to move away.  Individuals were considered 
in the experiment if we could observe them for the duration of the experiment. For group 
experiments (n = 21), each recipient pack was exposed to a group of feces from five wild 
dogs from another pack.  
Each recipient pack was presented with three treatments: 1) non-neighbor scent 
marks, from a pack at least two territories away; 2) neighbor scent marks, from a pack 
with a shared boundary that had been in residence for at least one year; and, 3) scent 
marks from the same pack (hereafter called, ‘self’).  Samples were collected from 
subdominant females and males (non-breeding but > 1year old) and overmarked samples 
from the dominant breeding pair.  
I quantified both the behavioral intensity of investigation and the time of 
investigation by individual dogs in the recipient pack. I ranked the investigation 
behaviors from no response to increasing intensities of response as: 1) no discernable 
response to scent marks; 2) approach and sniffing the samples; 3) touching or rolling near 
the scent marks and; 4) Overmarking or countermarking the samples.  I quantified the 
time spent by individual wild dogs investigating the scent marks in the categories:  1) No 
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response;  2) 1-5 seconds;  3) 6-10 seconds;  4,)11-30 seconds;  5)  31-60 seconds;  and 6)  
> 61 seconds.  
Data Analysis 
Single scent mark experiments were analyzed using Chi-square tests in SPSS 
(Sokal & Rohlf 1985), collapsing categories where needed so that sample sizes were > 5 
in all cells.  
Group scent mark experiments were analyzed using ordinal logistic regression 
with the intensity of investigation (INTENSITY variable) and time of investigation 
(TIME variable) used as the ordinal response variables (McCullagh 1980). Ordinal 
logistic regression is an extension of generalized linear models commonly applied where 
data categories are ordered in ascending ranked order, but the quantitative distance 
between categories is unknown (McCullagh 1980; McCullagh & Nelder 1980; Long & 
Freese 2006).  These models are commonly used in social and political sciences, but less 
so in the biological sciences (for an ecological review see Thomson et al. 1998). Ordinal 
logistic regression provides estimates of the effects of covariates on the ordinal response, 
and the averaged transition probabilities, or ‘cutpoints,’ between categories of an ordinal 
dependent variable (McCullagh 1980; McCullagh & Nelder 1980; Long and Freese 
2006). By combining covariate effects and transition probabilities, the probabilities of a 
response to a particular ordinal response can be derived (e.g., INTENSITY code =4) for a 
particular covariate combination (e.g., dominant male responses to non-neighbors).  
Ordinal logistic models for the TIME variable and INTENSITY were performed 
using the ‘ologit’ command in STATA 9.0 (Stata Corp 2007).  I used sex (male, female), 
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age class (subadult, adult), dominance status (subdominant, dominant) and neighbor 
status (self, neighbor and non-neighbor) as the categorical independent variables. Two 
variations of neighbor status categories were considered: n1) with all three categories 
and, n2) self with neighbor versus non-neighbor. Interactions between sex and dominance 
were included in the models. Because observations of animals within an experiment 
(same pack) may be expected to be more similar than animals between experiments, I 
used the Huber-White sandwich estimator (clustering on experiment,n=21 for scent mark 
group presentations) to derive standard errors (Pendergast et al. 1996, Long and Freese 
2006). Robust standard errors were used to correct for correlated observations within 
each group observation and to account for sample size being 78 individual scent mark 
samples within 21 group presentations. I started with an all-inclusive set of 12 a-priori 
models containing all main effects (sex, age, dominance, neighbor 2 and 3 categories) 
and fit ordinal logistic models for each of them. I selected the top time and intensity 
models using Akaike Information Criteria (AIC) of 0 – 2 AIC units  (Burnham & 
Anderson 1998, 2001).  Coefficients are presented as odds ratios from the top models for 
TIME and INTENSITY. Expected probabilities of responses were derived to ordered 
categories for TIME and INTENSITY as a function of sex, age, etc., from the 70 
categorical coefficients and cutpoint probabilities between dependent categories in 
ordinal logistic models (according to Thomas et al. 1998, Long & Freese 2006). 
Results 
Single Scent Mark Experiments. Twenty-four individual scent marks and 16 
control scent marks were presented to five wild dog packs between 1999 and 2003. The 
behavioral responses of packs of dogs differed depending on the type of scent mark 
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(Figure 2). Dogs showed little to no detectable behavioral response when presented with 
single scats of subdominant individuals of both sexes, as well as from dominant males or 
dominant females. In contrast, wild dogs only showed overmarked samples from 
dominant individuals evoked the most intense responses in all recipient packs. Control 
scent marks elicited no discernable behavioral responses in most cases, except on two 
occasions when the recipient packs stopped to smell lion scats for less than 30 seconds. 
Since the sample sizes in some of these categories were small, some of the categories of 
samples have been collapsed in Figure 2. Differences in responses to categories of single 
presentations were significant (Chi square with Yate’s correction = 32.7, df = 9, P = 
0.00015).  
Group Scent Mark Experiments. Twenty-one presentations of groups of scent 
marks were performed, which included observations of 106 individual wild dogs. 
Seventeen of the 21 presentations began with the recipient pack cautiously approaching 
the scent marks, looking in the direction of the samples, ears forward and heads bobbing. 
In these presentations, the pack approached the samples together with many of the 
subdominant dogs in contact with pack mates, ears back, heads down, and tongues out 
and curled during their approach to the samples.  
The ordinal logistic regressions allow us to more finely dissect the behavioral 
responses of different kinds of individual wild dogs to the group scent marks .The top 
model for time of investigative behavior included the variables time, dominance status 
and non-neighbor status. The following top three models (AIC values = 0, 1.05, 1.43) 
included the interaction sex and dominance variable, (sex *dom), but the time of 
investigations were less dependent upon the sex of the individual investigating samples 
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than by their dominance status. The probability of investigative time by recipient wild 
dogs by categories was determined primarily by dominance status (Fig. 3), where 
dominance and neighbor status predicted the length of time of investigatory behaviors. 
Dominant animals demonstrated 80% probability of lengthy (> 60 sec) investigation 
times to non-neighbor scent marks compared to subdominant animals that were only 38% 
likely to spend long investigation times on non-neighbor scent marks (Fig. 3). In contrast, 
dominant wild dogs were only 29% likely to investigate self marks for long times, while 
subdominant dogs were 59% likely to do so. These probabilities were very similar (30% 
and 63% respectively) to > 60 sec investigations of neighboring pack samples (Fig. 3).  
Intensity. The top ordinal logistic regression model for intensity of investigative 
behavior (AIC value = 0, Table 1) included the variables; ß0, sex, dominance, the 
interaction of sex and dominance (sex *dom), and non-neighbors. This model 
emphasized the importance of sex and dominance status of the individual recipient, and 
the strength of recipient reactions to non-neighbors (Table 1). The next two top models 
(AIC values = 1.97, and 3.43, Table 1) also included sex, dominance and non-neighbor 
status. The probability of occurrence and intensity by categories of wild dog scent marks 
(self, neighbor or non-neighbor) demonstrated that dominant males reacted to their pack’s 
own scents (self) in a way similar to how subdominant wild dogs reacted to non-neighbor 
scents (Fig. 4). Subdominant males and females exhibited a very low probability of high 
intensity responses to their own pack’s marks (3.5% and 4.6% respectively) and similar 
probabilities of responding to neighbor’s marks. This was compared with 30% and 76% 
probabilities by dominant males and females responding with overmarking and 
countermarking to self-marks. Dominant males and females exhibited the most intense 
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reactions to non-neighbor scents with overmarking and countermarking behavior 
probabilities of 98% and 88% respectively.  
Table 1.  Top ordinal logistic regression models for intensity and time of response of African 
wild dogs to group scent experiments. Wild dog scent marks were experimentally translocated to 
measure recipient pack responses to various categories of scent marks. Five scent marks were 
included in every presentation, including one dominant pair and four subdominants. All scent 
marks were collected from known individuals during observations in northern Botswana. Top 
model structure, degrees of freedom, ΔAIC and AIC weight are reported. Model parameters are 
s=sex, d=dominance, and n = neighbor status.  
Intensity df ΔAIC AIC weight 
Model Name    
ß0 + s + d + s*d + n1 7 0 0.61 
s + d+ n2+s*d 8 1.97 0.23 
d+s+ n2 7 3.43 0.11 
Time    
t + d + n2 8 0.00 0.44 
t + d + s+ s*d+ n1 9 1.05 0.26 
t+d+s+ n2 9 1.43 0.21 
t+d+ n2+s*d 10 3.03 0.10 
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Table 2.  Parameter estimates for top models for intensity and time of response of African wild 
dogs to group scent marks. Wild dog scent marks were experimentally translocated to measure 
recipient pack responses to various categories of scent marks. Five scent marks were included in 
every presentation, including one dominant pair and four subdominants. All scent marks were 
collected from known individuals during observations in northern Botswana. Odds ratios, 
standard errors, Z scores, p values and 95% confidence intervals are reported for Intensity and 
Time models. 
Intensity Odds  
ratio 
Std. 
Error 
 p > Z 95% 
confidence 
intervals 
dominance 2.11 3.74  0.67 0.67 67.39 
sex 0.24 0.38  0.36 0.01 5.25 
sex + dominance 5.59 6.3  0.13 0.61 50.91 
non-neighbor 17.54 12.81  0 4.19 73.47 
Time       
dominance 6.43 2.71  0 2.81 14.71 
neighbor + self 1.07 0.07  0.91 0.3 3.87 
non-neighbor 10.15 6.66  0 2.8 36.73 
 
Discussion 
Scent marks are an ideal way for animals to exchange information without 
broadcasting their current location to predators or competitors in a potentially risk-filled 
environment. Compared to vocalizations and visual displays, which identify the 
immediate location and identity of the sender to larger predators, competitors and 
scavengers, scent marks tend to be long-lasting and available to many conspecifics over 
time. The act of scent marking to advertise territorial defense or mate attraction are 
targeted for potentially different recipients and driven by very different motivations.  
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In these single scent mark experiments, wild dogs did not react to scent marks 
from subdominant individuals. Fecal marks that had been overmarked by mates of 
dominant individuals elicited the most intense and prolonged investigative behavior by 
all packs. This suggests that the chemistry of overmarked scent marks containing urine 
and feces from the dominant pair is especially meaningful.   
Group scent mark experiments revealed complex reactions to groups of 
translocated scent marks. Packs investigated non-neighboring pack scent marks more 
intensively than either their own or their neighbors’ scent marks. However, as 
demonstrated in the single scent mark experiments, packs investigated subdominant scent 
marks only when they were presented in a group, rather than singly.  Dominant wild dogs 
were the most intense and longest investigators of non-neighboring scent marks but spent 
very little effort investigating neighbor’s or their own scent marks. Subdominants showed 
less of an intense response and spent less time investigating non-neighbor marks than 
dominants but did show greater interest in their own pack’s scent marks. The sex and 
dominance status of individual wild dogs influenced how they investigated scent marks 
placed in territory boundary areas. This is important in a species where reproduction is 
highly skewed and where the benefit of excluding intruders may differ between dominant 
and subdominant group members, based upon potential breeding opportunities. Wild 
dogs disperse from their natal packs and may reside in territories neighboring their kin, 
which would decrease the threat of those neighbors as potential mate prospectors, at least 
in one sex. Experiments with rodents have shown that some species distinguish close kin 
from unrelated individuals based on olfactory cues (Johnston 2003; Mateo 2003).  
However several of my experiments contained scent marks of siblings to individuals in 
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recipient packs and these presentations did not increase the investigatory time or intensity 
of the recipient pack.  This may indicate that wild dogs do not recognize kin relationships 
based upon olfactory information in scent marks alone, and additional information is 
necessary for kin assessment. Alternatively, kin relationships may have been olfactorally 
assessed without increased investigation time or behavioral intensity.  
Group Scent Mark Experiments. Wild dogs responded in various ways to the 
group scent marks experiments. Using ordinal logistic models to explore complex 
relationships in wild dog pack responses to translocated scent marks allowed us to 
examine the importance of social status, sex and neighbor relationships within the context 
of chemical communication in this species. We used robust standard errors to account for 
aspects of potential correlation and to account for the large number of individuals (N = 
78) within 21 group experiments, to assure that our inferences were statistically valid. 
Wild dogs spent roughly the same amount of time investigating their own scent marks as 
they did known neighbors’ scent marks, but spent the most time investigating scent marks 
from non-neighbors, placed near their territorial boundaries. The intensity of behavioral 
responses to the group scent marks differed depending upon the dominance status of the 
individual. In general, recipient packs did not show a significant difference in intensity 
between their responses to their own scent marks and to those of stable neighbors, but 
showed a marked interest in investigating the scent marks of non-neighbors. Sex was not 
a factor in the length of time of investigatory behavior between categories of wild dogs, 
but dominance and neighbor status were important (fig.4).  
Dominant animals in a pack were over six times more likely to expend the 
maximum level of investigatory intensity on samples from non-neighbors as on samples 
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from neighbors. I suggest that non-neighbor scent marks require a greater investigation 
from a resident pack than do neighbors due to the threat they may pose rather than due to 
the novelty of their odor, as the single scent mark experiments showed that wild dogs do 
not investigate scent marks only on the basis of novelty. Packs spent considerable time 
investigating non-neighbor scent marks intensively, then overmarked and countermarked 
these scent marks. In 20 out of 21 presentations, dominant wild dogs of both sexes 
overmarked or countermarked non-neighboring pack scent marks, exhibiting one of the 
most common and consistent behaviors we recorded. This response to non-neighbor scent 
marks emphasizes the importance of chemical communication in wild dogs, and this 
study suggests similarities with those of other species where the top-mark is of utmost 
importance in mate choice and competitive ability (Johnston et al. 1995; Fisher et al. 
2003; Ferkin et al. 2005). The energetic costs of investigation, overmarking or 
countermarking potential intruders’ scent marks may be worth it if conspecifics are able 
to recognize resident’s marks as the most recent and topmost.  
Scent investigation times of dominant scent marks between the sexes (sex * dom) 
were approximately the same, which may reflect the equal sex ratios for dispersal in wild 
dogs in this region (McNutt 1996), favoring neither sex for mate advertisement 
investigation. While male dominant wild dogs were slightly more likely to overmark or 
countermark non-neighbors scent marks (98% compared to 88% in females), males may 
become more invested in investigatory behaviors during breeding seasons. Wild dogs 
exhibit high reproductive variation, and both sexes of subdominant animals have an 
incentive to scent mark for mate advertisement to increase their potential individual 
fitness, especially when the breeding queue within their own pack is long, and because it 
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is most common for their mother to be the dominant female or their father the dominant 
male. Remaining within a natal pack produces benefits for the dominant pair, and 
maintains inclusive fitness for subdominants. Maintaining larger group sizes may benefit 
all members of a wild dog pack, as food is more easily obtained, and more pups are born 
and successfully raised (Creel & Creel 1995; Creel 1997), but the dominant pair may 
benefit most, as their pups are generally cared for by a larger number of babysitters and 
food providers. However, the dominant male may have the most to lose from an intruder, 
whose even brief liaison with the dominant female could replace his paternal 
contribution. A dominant female would need to be replaced or overthrown to lose her 
maternal contribution in the pack.  
Some packs in this population shared areas of overlap, and some quite 
extensively, but temporal avoidance was significant (Parker dissertation Chapter 2, 
2008). While neighboring packs rarely interact, confrontations carry considerable risks to 
wild dogs, and can lead to injury and death (Creel & Creel 2002; Woodroffe et al. 2007; 
Parker dissertation chapter 1, 2008). There are considerable advantages to ascertaining 
when and where conspecifics are, especially near boundaries. Scent marking assessment, 
at least near territorial boundaries, seems to be relevant for defense, and defense of the 
resident pack trumps advertising potential mating opportunities for subdominants. Scent 
marking rates tend to be higher in dominant canids over non-breeding individuals 
(Sillero-Zubiri & Macdonald 1998; Gese & Ruff 1997; Zub et al. 2003) and were 
observed to be three times higher in wild dogs (Parker unpublished data). This may 
reflect aspects of mate defense strategies, especially as dominant animals are ubiquitously 
overmarked by their mates, yet both dominant and subdominant animals in a pack were 
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observed scent marking at boundaries, which supports both territorial defense and mate 
advertisement strategies. Subdominant wild dogs do not appear to respond as actively to 
scent marks, but may delay acting on information in scent marks to appease dominant 
pack members. Identifying the scent marks of potentially threatening groups from less 
threatening individual wild dogs allows wild dogs a way of safely assessing potential 
intruders and possible dispersers from a distance without large energetic costs.  
Wild dogs investigated their own, translocated scent marks with roughly the same 
time and intensity as scent marks from neighbors. This may indicate that familiar scent 
marks (self or neighbor) found on a shared boundary may hold temporal information as 
well as evidence of overmarking by conspecifics. This would benefit resident’s 
knowledge of when they or their neighbors had last been at that boundary and help assess 
the chances of encountering a proximate pack. It also may be important for a resident 
pack to investigate specific information left on or near their own scent marks, deposited 
by conspecifics.  
Wild dogs investigated scent marks from members of their own pack and often 
sniffed or rolled in their own, as well as packmates’ urine. This is true of fresh and old 
scent marks, where wild dogs were observed to investigate scent marks well over 10 
weeks old (unpublished data). The effort expended by wild dogs in investigating, 
refreshing, and reinforcing scent marks suggests that these signals contain important 
information. In summary, it is clear that wild dogs differentiate sex, status and neighbor / 
non-neighbor relationships through chemical cues left in the environment by 
conspecifics. In cooperative societies, strategies for maximizing individual reproductive 
success is balanced by cooperative territorial defense and the costs and benefits to 
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different individuals are reflected in their behaviors at conspecific scent marks. Lower 
investigation investments by subdominant animals may be energetically conservative as 
well as a type of social appeasement to dominant animals that rely upon their cooperation 
to rear pups and defend territories. Dominant animals benefit from group advertisement 
at boundaries, but not from subdominant individuals advertising potential mating 
opportunities, which could cost them experienced helpers and diminish pack size. In this 
study, dominant wild dogs appear to benefit from olfactory investigation of scent marks 
near boundaries. Further experiments are warranted to determine if subdominant animals 
delay acting on scent information, which might be developed as a tool to assist their 
dispersal across a landscape where conflict is likely. It is also worth further 
experimentation to understand the extent of discriminatory abilities of wild dogs, which 
may assist in understanding how to use olfactory signals to conserve and manage wide-
ranging species.  
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Figures 
Figure 1.  Map of study area in northern Botswana, depicting GPS radio collar data from four 
African wild dog packs observed during this study, Xakanaxa, Vegan, Mogogelo and Zankuyo in 
2003. These packs were used for observations and scent mark collection during experimental 
scent mark manipulations in single and group scent mark presentations. 
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Figure 2.  Chart of single scent experiments by category of African wild dogs. Individual scent 
marks from known sex, age and status wild dogs were collected and tanslocated during 
observations in northern Botswana. Where 1 = No discernable response, 2 = Approach and 
sniffing < 30 sec, 3 = Sniffing > 30 sec., touching or rolling and 4 = Overmarking or 
countermarking behavior. 
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Figure 3.  Chart of probability of length of time of investigative behavior by categories of 
African wild dogs. Experiments were conducted in northern Botswana with known age, sex and 
status of wild dogs. Behaviors within categories of African wild dogs in a pack by dominance 
status were recorded by whether the experiment contained scent marks from their own pack, ‘self 
scent marks’ (‘S’) or whether presented scent marks came from neighboring packs (‘N’), or non-
neighboring packs (NN). Neighbor status indicates the origin of the scent mark and dominance 
status indicates recipient investigation by time categories.  S-S = subdominant – ‘self’, D-S = 
dominant – self, S-N = subdominant – neighbor, D-N = dominant neighbor, S-NN = subdominant 
non-neighbor, D-NN = dominant non-neighbor. Time of investigation categories were 1 = 0 s, 2 = 
1-5 s, 3 = 6-11 s, 4 = 11 – 30 s, 5 = 31-60 s, 6 > 61 s. 
 
 
  
79 
 
Figure 4.  Chart of Probability of Occurrence and Intensity Categories by categories of African 
wild dogs.  Where behaviors within various categories of African wild dogs in a pack by 
dominance and sex were recorded by whether the experiment contained scent marks from their 
own pack, or ‘self scent marks’ (‘S’) or whether presented scent marks came from non-
neighboring packs (‘N’).  ‘S’ presentations were not different than stable neighboring pack scent 
mark presentations, so both of these types of presentations were collapsed into, ‘S’. SM-S = 
Subdominant male – self, DM-S=dominant male – self, SF-S = Subdominant female-self, DF-S = 
Dominant female – self, SM-NN = Subdominant male – non-neighbor, DM-NN = dominant male 
– non-neighbor, SF-NN = Subdominant female – non-neighbor, DF-NN = dominant female – 
non-neighbor. 
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Chapter 4. 
Summary Chapter 
WILD DOG SCENT MARKING BEHAVIOR STUDY DESCRIBES POSSIBLE 
MANAGEMENT IMPLICATIONS 
These previous chapters describe the movements of neighboring wild dog 
(Lycaon pictus) packs, and their behaviors and chemistry associated with scent marking. 
This research was a first attempt to synthesize diverse behavioral aspects of a wide-
ranging carnivore, whose intraspecific communication is chemical, and which may be 
exploited in future for management. 
Data from GPS collars, in addition to detailed observations following packs from 
open trucks, revealed highly territorial behavior among African wild dog packs in 
northern Botswana. Territorial behaviors included intraspecific strife near boundaries, 
packs avoiding direct contact with neighboring packs and scent marking along 
boundaries and throughout their territories as an indirect defense mechanism. Rather than 
scent mark exclusively along borders, wild dogs appear to scent mark wherever they 
move across their territories, producing a scent cloud of olfactory information that 
remains available to potential intruders if they enter the territory. GPS collar data were 
explicit in describing the extent of avoidance behavior between packs and confirmed our 
observations of conspecific avoidance and intraspecific mortalities when wild dog packs 
did meet.   Neighbors shared areas, and in some cases large areas, on the edges of their 
territories but remained temporally discrete, avoided neighboring packs and the risks 
associated with contact. 
I collected fecal samples from known sex, age and status wild dogs for chemical 
analyses. Using Gas Chromatography / Mass Spectrometry, compounds were identified 
and Principal Component Analysis was used to group compounds. Differences were 
found between fecal scent mark headspace compounds from male and females,. My 
chemistry results are in line with the major components of other carnivore scent mark 
studies where carnivore feces contain large numbers of fatty acids. The nature of 
sampling in the field, and sampling this species for the first time, required a rough 
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collapsing of compounds by retention time and library assessment. Finer analyses in 
future may lead to the use of specific compounds for management that rely on chemical 
communication to determine ranging behaviors. 
It may be that chemical signals in wild dog urine are able to bind with proteins 
and ligands found in feces and the act of urine over-marking fecal marks act to increase 
the longevity of signals which are important to inform conspecifics of the status of the 
resident pack. Considerable variation among samples, and limited sample size restricted 
these analyses to identify compounds which were consistently retained over time. 
However, these compounds may warrant further exploration to determine the content of 
temporal signaling in wild dogs. 
Scent marks were collected from known age, sex and status wild dogs and 
presented to recipient packs to measure behavioral responses. Single scent marks 
presented to packs elicited a response only when the scent mark was from a 
dominant individual. When groups of scent marks (consistently five, with one 
dominant, urine-overmarked scat) were presented, we measured specific 
behavioral responses from individuals in the recipient packs. I found that 
dominant animals tend to overmark and countermark scent marks longer and 
more intensely than subdominant individuals. I also found that scent marks from 
non-neighbors elicited the highest level of investigation, while scent marks from 
neighbors were nearly equal with a pack’s own scent marks for intensity of 
investigation.  
Animals may assess territorial scent marks by using temporal and spatial 
deposition cues to determine the dominance status and residency of conspecifics 
(Gosling 1982, Hurst 1993).  In various rodents, scent mark signals are used in 
mate selection and dominance assessment by identifying individuals that are able 
to countermark or overmark their competitor’s marks (Rich 1998, 1999).  
Dominance information is contained in the chemical composition of the scent 
mark and in the relative positioning and age of the mark (Hurst 1999, Humphries 
1999). Dominant animals are able to ensure that their marks are the most recent in 
an area and there can be additional information as to the status, size and 
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physiological state of the competitors available to conspecifics (Johnston 1997, 
Johnston 1995, Wilcox 1995).  
While carnivores have not been shown to discriminate scent marks in 
these specific ways, both carnivores and rodents scent mark territorial boundaries 
in similar ways, exchanging information with neighbors and other conspecifics. 
These scent marking behaviors as well as chemical contents could be further 
explored and manipulation experiments conducted to learn how these forms of 
communication could be used as management tools to aid in preventing trespass 
of carnivores into areas occupied by domestic animals or to assist dispersing 
animals toward protected areas. 
  
89 
 
Appendix A. Individuals, packs and recipient individuals and packs used during experimental 
scent manipulations. 
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Appendix B.  Perimeter location points from GPS collars from three African wild dog, Lycaon 
pictus, packs in 2003 from northern Botswana. These points and the lines defining these 
territories are 500 m buffers along the edge of these territories. 
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Appendix C.  List of compounds, associated sample number, retention time and HP library 
produced quality. These are the compounds identified by GC/MS over 80%. 
Sample Time Area Library Quality
#90 13.21 56.4 Ethylic acid 86
#74 43.64 0.08 .ALPHA.-COPAENE 99
#75 43.64 0.03 .ALPHA.-COPAENE 99
#52 29.17 0.18 .ALPHA.-FENCHENE 98
#64 29.18 0.04 .ALPHA.-FENCHENE 86
#66 45.14 0.12 .alpha.-Gurjunene 95
#54 26.07 17.92 .alpha.-PINENE 95
#60 28.36 0.38 .alpha.-PINENE 96
#67 28.36 0.52 .alpha.-PINENE 96
#68 28.37 0.17 .alpha.-PINENE 93
#69 28.37 0.21 .alpha.-PINENE 96
#75 28.37 0.9 .alpha.-PINENE 96
#79 28.82 0.4 .alpha.-PINENE 96
#81 28.83 4.21 .alpha.-PINENE 97
#94 28.83 0.33 .alpha.-PINENE 97
#98 28.83 0.19 .alpha.-PINENE 96
#99 28.84 0.26 .alpha.-PINENE 96
#53 28.36 0.1 .alpha.-pipene 95
#78 28.83 0.37 .alpha.-pipene 96
#84 28.82 0.13 .alpha.-pipene 87
#86 34.93 0.25 .alpha.-terpinolene 95
#74 44.22 0.01 .BETA. BOURBONENE 95
#86 48.69 0.05 .BETA.-BISABOLENE 98
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#61 45.67 0.02 .BETA.-CARYOPHYLLENE 99
#73 45.67 0.01 .BETA.-CARYOPHYLLENE 93
#52 28.37 16.04 .GAMMA. TERPINENE 93
#64 28.37 20.09 .GAMMA. TERPINENE 97
#77 31.82 0.06 .GAMMA. VALEROLACTONE 81
#52 35.87 2.91 1,2,3,4-Tetramethylbenzene 97
#55 36.11 0.19 1,2,3,4-Tetramethylbenzene 97
#56 37.5 0.58 1,2,3,4-Tetramethylbenzene 95
#60 37.49 2.06 1,2,3,4-Tetramethylbenzene 95
#61 35.89 0.1 1,2,3,4-Tetramethylbenzene 97
#64 36.11 0.04 1,2,3,4-Tetramethylbenzene 95
#66 36.11 0.15 1,2,3,4-Tetramethylbenzene 97
#67 36.11 0.37 1,2,3,4-Tetramethylbenzene 97
#74 36.12 0 1,2,3,4-Tetramethylbenzene 83
#94 36.37 0.66 1,2,3,4-Tetramethylbenzene 97
#96 36.62 0.02 1,2,3,4-Tetramethylbenzene 95
#98 36.61 0.09 1,2,3,4-Tetramethylbenzene 97
#99 36.61 0.17 1,2,3,4-Tetramethylbenzene 95
#55 31.42 0.44 1,2,4-Trimethylbenzene 94
#56 31.45 0.29 1,2,4-Trimethylbenzene 95
#73 31.44 0.07 1,2,4-Trimethylbenzene 95
#83 31.9 0.24 1,2,4-Trimethylbenzene 94
#94 30.74 0.24 1,2,4-Trimethylbenzene 92
#98 30.73 0.05 1,2,4-Trimethylbenzene 95
#54 15.27 2.14 1,2-Benzenedicarboxylic acid, diet 97
#94 56.86 4.9 1,2-Benzenedicarboxylic acid, diet 98
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#95 56.85 0.77 1,2-Benzenedicarboxylic acid, diet 97
#98 56.84 0.47 1,2-Benzenedicarboxylic acid, diet 98
#99 56.85 1.08 1,2-Benzenedicarboxylic acid, diet 97
#53 34.73 1.37 1,2-DICHLOROBENZENE-D4 97
#63 33.99 0.14 1,2-DICHLOROBENZENE-D4 96
#75 33.98 0.17 1,2-DICHLOROBENZENE-D4 91
#56 27.76 0.98 1,3,5,7-Cyclooctatetraene 95
#61 27.78 0.15 1,3,5,7-Cyclooctatetraene 96
#63 27.76 0.17 1,3,5,7-Cyclooctatetraene 91
#84 28.22 25.64 1,3,5,7-Cyclooctatetraene 91
#65 41.44 0.22 1,3,5,7-Tetraazatricyclo[3.3.1.1(3 91
#66 41.43 2.15 1,3,5,7-Tetraazatricyclo[3.3.1.1(3 91
#67 41.44 0.58 1,3,5,7-Tetraazatricyclo[3.3.1.1(3 91
#70 41.44 0.74 1,3,5,7-Tetraazatricyclo[3.3.1.1(3 91
#71 41.45 0.23 1,3,5,7-Tetraazatricyclo[3.3.1.1(3 91
#73 41.44 0.17 1,3,5,7-Tetraazatricyclo[3.3.1.1(3 91
#74 41.46 0.08 1,3,5,7-Tetraazatricyclo[3.3.1.1(3 91
#75 41.44 0.25 1,3,5,7-Tetraazatricyclo[3.3.1.1(3 91
#76 41.44 0.19 1,3,5,7-Tetraazatricyclo[3.3.1.1(3 91
#77 41.44 0.32 1,3,5,7-Tetraazatricyclo[3.3.1.1(3 91
#81 41.98 1.12 1,3,5,7-Tetraazatricyclo[3.3.1.1(3 91
#86 41.98 0.72 1,3,5,7-Tetraazatricyclo[3.3.1.1(3 91
#89 41.99 0.2 1,3,5,7-Tetraazatricyclo[3.3.1.1(3 90
#91 41.99 0.61 1,3,5,7-Tetraazatricyclo[3.3.1.1(3 91
#92 41.99 0.14 1,3,5,7-Tetraazatricyclo[3.3.1.1(3 91
#95 41.99 0.14 1,3,5,7-Tetraazatricyclo[3.3.1.1(3 80
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#97 41.99 0.08 1,3,5,7-Tetraazatricyclo[3.3.1.1(3 91
#54 27.96 0.35 1,3,5-Trimethylbenzene 95
#56 30.3 0.12 1,3,5-Trimethylbenzene 91
#66 30.28 0.09 1,3,5-Trimethylbenzene 96
#79 30.74 0.16 1,3,5-Trimethylbenzene 97
#83 40.52 0.03 1,3-Bis(methylthio)-4-methyl-6,7,8 83
#86 40.52 0.21 1,3-Bis(methylthio)-4-methyl-6,7,8 83
#52 33.98 0.38 1,4-DICHLOROBENZENE-D4 95
#54 29.32 2.93 1,4-DICHLOROBENZENE-D4 95
#55 33.98 0.24 1,4-Dichlorobenzene-d4 95
#56 34 0.11 1,4-DICHLOROBENZENE-D4 89
#60 33.98 0.74 1,4-DICHLOROBENZENE-D4 96
#65 33.99 0.1 1,4-DICHLOROBENZENE-D4 94
#66 33.98 0.52 1,4-DICHLOROBENZENE-D4 96
#67 33.98 1.39 1,4-DICHLOROBENZENE-D4 95
#68 33.99 0.26 1,4-Dichlorobenzene-d4 95
#69 33.98 0.4 1,4-DICHLOROBENZENE-D4 93
#70 33.98 1.12 1,4-DICHLOROBENZENE-D4 96
#71 33.99 0.09 1,4-DICHLOROBENZENE-D4 96
#72 33.98 1.85 1,4-DICHLOROBENZENE-D4 95
#73 33.99 0.14 1,4-Dichlorobenzene-d4 97
#74 34 0.05 1,4-DICHLOROBENZENE-D4 97
#76 33.98 0.3 1,4-DICHLOROBENZENE-D4 95
#77 33.98 0.29 1,4-Dichlorobenzene-d4 97
#92 17.6 0.02 1,5-Hexadien-3-yne 91
#99 17.61 1.08 1,5-Hexadien-3-yne 83
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#95 45.47 0.09 10-Methylnonadecane 80
#61 17.36 0.52 1-Butanol 80
#71 16.92 0.22 1-Butanol 80
#73 16.86 0.22 1-Butanol 91
#80 17.37 0.06 1-Butanol 80
#81 20.5 3.28 1-Butanol 86
#86 17.06 0.25 1-Butanol 86
#87 17.1 0.57 1-Butanol 90
#96 17.12 0.16 1-Butanol 86
#55 33.17 0.17 1-Decanol, 2-ethyl- (CAS) 86
#56 44.32 0.04 1-dimethylamino-(2,2-deutero-2-pro 90
#63 44.32 0.01 1-dimethylamino-(2,2-deutero-2-pro 83
#65 44.31 0.04 1-dimethylamino-(2,2-deutero-2-pro 90
#73 44.32 0.05 1-dimethylamino-(2,2-deutero-2-pro 90
#91 45.08 0.03 1-dimethylamino-(2,2-deutero-2-pro 90
#94 32.94 0.08 1-Dodecanol, 3,7,11-trimethyl- 80
#52 42.16 0.09 1-Dodecene 86
#70 16.82 0.26 1-Heptene 81
#60 31.82 7.5 1-Hexanol 90
#66 31.84 0.61 1-Hexanol 86
#68 31.85 2.85 1-Hexanol 90
#69 31.83 3.96 1-Hexanol 90
#78 32.24 6.01 1-Hexanol 90
#79 32.24 12.95 1-Hexanol 90
#80 32.42 0.42 1-Hexanol 86
#81 32.25 2.25 1-Hexanol 90
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#82 32.28 0.12 1-Hexanol 80
#83 32.25 3.47 1-Hexanol 90
#84 32.24 3.34 1-Hexanol 83
#85 32.24 4.68 1-Hexanol 90
#86 26.13 9.02 1-Hexanol 83
#87 32.26 1.88 1-Hexanol 90
#90 32.24 3.64 1-Hexanol 90
#93 32.26 0.38 1-Hexanol 86
#94 32.24 3.08 1-Hexanol 90
#95 32.25 10.07 1-Hexanol 90
#96 32.25 0.39 1-Hexanol 90
#97 32.27 0.42 1-Hexanol 90
#98 32.24 0.44 1-Hexanol 90
#99 32.24 0.7 1-Hexanol 90
#52 33.8 0.51 1H-Indene 96
#56 33.81 0.44 1H-Indene 95
#60 33.8 0.77 1H-Indene 96
#66 37.79 0.06 1H-Indene 93
#67 39.82 1.05 1H-Indene 95
#68 33.81 2.97 1H-Indene 91
#69 33.8 3.16 1H-Indene 90
#74 39.82 0.02 1H-Indene 91
#75 39.82 0.04 1H-Indene 93
#94 34.31 1.15 1H-Indene 96
#95 34.31 0.5 1H-Indene 96
#97 34.31 0.04 1H-Indene 86
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#98 34.31 0.05 1H-Indene 83
#52 43.68 0.09 1H-Indole 93
#56 46.78 0.01 1H-Indole 92
#61 43.69 0.09 1H-Indole 94
#62 46.79 0.03 1H-Indole 95
#63 43.69 0.08 1H-Indole 93
#64 43.68 0.17 1H-Indole 93
#65 46.78 0.01 1H-Indole 86
#71 46.77 0.01 1H-Indole 86
#73 46.77 0.22 1H-Indole 94
#74 46.78 0.04 1H-Indole 90
#75 46.78 0.01 1H-Indole 92
#80 44.38 0.13 1H-Indole 94
#83 44.37 0.23 1H-Indole 95
#87 44.37 0.32 1H-Indole 94
#89 44.38 0.04 1H-Indole 93
#91 47.85 0.03 1H-Indole 96
#96 44.38 2.44 1H-Indole 94
#97 44.38 0.45 1H-Indole 94
#98 44.38 0.15 1H-Indole 93
#99 44.37 0.15 1H-Indole 94
#56 40.58 0.02 1H-Pyrrole-2,5-dione, 3-ethyl-4-me 94
#62 40.59 0.02 1H-Pyrrole-2,5-dione, 3-ethyl-4-me 95
#65 40.58 0.02 1H-Pyrrole-2,5-dione, 3-ethyl-4-me 83
#80 41.06 0.02 1H-Pyrrole-2,5-dione, 3-ethyl-4-me 80
#67 37.79 0.18 1-METHYL-2-PHENYLCYCLOPROPANE 1 93
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#99 35.46 0.29 1-METHYL-2-PYRROLIDONE 91
#55 39.31 0.14 1-Octanol, 2-butyl- 80
#96 30.46 0.82 1-Octen-3-ol 90
#60 21.36 1.11 1-Octene 91
#70 21.35 0.77 1-Octene 91
#62 45 0.06 1-Pentadecene - 90
#66 44.99 0.06 1-Pentadecene 83
#68 43.45 0.02 1-Pentadecene 90
#80 25.04 0.25 1-Pentanol, 4-methyl- 86
#72 11.38 1.11 1-Pentene 80
#56 38.74 0.1 1-Piperidinecarboxaldehyde 96
#61 11.71 0.07 1-Propanol 86
#86 15.26 0.08 1-Propanol 80
#82 5.25 0.04 1-Propene 80
#93 5.21 0.04 1-Propene 80
#56 42.17 0.06 1-Tetradecene 93
#96 42.63 0.06 1-Tetradecene - 84
#86 39.93 0.08 1-Tridecene 94
#55 31.84 4.74 2 ETHYL HEXANOL 90
#70 34.69 1.53 2(3H)-Furanone, 5-ethenyldihydro-5 91
#62 40.11 0.02 2-(dimethylamino)-3-phenylbenzo[b 83
#64 40.09 0.03 2-(dimethylamino)-3-phenylbenzo[b 83
#92 40.52 0.02 2-(dimethylamino)-3-phenylbenzo[b 83
#56 43.44 0.02 2,3,4,6-Tetramethylphenol $$ Pheno 80
#91 41.82 0.04 2,3-dihydro-3-methyl-5(1h)-indoliz 80
#79 39.03 0.23 2,4,6-Cycloheptatrien-1-one 87
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#60 30.31 0.21 2,5-Cyclohexadiene-1,4-dione 91
#69 47.32 0.06 2,5-Cyclohexadiene-1,4-dione 96
#70 29.96 0.36 2,5-Hexanedione 80
#81 40.52 0.11 2,6-Bis(methylthio)-4-(2-thienyl)p 1 83
#55 47.32 0.06 2,6-di-butyl-2,5-cyclohexadiene-1, 93
#60 47.31 0.19 2,6-di-butyl-2,5-cyclohexadiene-1, 99
#79 48.44 0.25 2,6-di-butyl-2,5-cyclohexadiene-1, 89
#94 48.44 0.3 2,6-di-butyl-2,5-cyclohexadiene-1, 94
#95 48.45 0.13 2,6-di-butyl-2,5-cyclohexadiene-1, 95
#60 46.51 0.19 2,7-DIMETHYLNAPHTHALENE 90
#52 30.51 0.46 2-.BETA.-PINENE 97
#53 29.61 0.15 2-Butanamine, (.+/-.)- $$ .+/-.-Se 86
#60 14.12 1.12 2-Butanone k 80
#66 14.13 3.29 2-Butanone 80
#67 14.13 2.85 2-Butanone 80
#69 14.12 0.36 2-Butanone 80
#70 14.13 6.54 2-Butanone 86
#72 14.12 5.12 2-Butanone 80
#78 14.52 0.61 2-Butanone 80
#81 14.51 2.2 2-Butanone 83
#85 14.51 0.84 2-Butanone 80
#86 14.51 2.07 2-Butanone 80
#90 14.52 1.19 2-Butanone 86
#94 14.51 0.6 2-Butanone 80
#95 14.5 0.5 2-Butanone 86
#99 14.51 1.76 2-Butanone 86
101 
 
#52 37.02 0.53 2-Cyclohexen-1-one, 3,5,5-trimethy 93
#62 37.08 0.03 2-Cyclohexen-1-one, 3,5,5-trimethy 87
#66 37.02 0.23 2-Cyclohexen-1-one, 3,5,5-trimethy 93
#70 37.02 0.11 2-Cyclohexen-1-one, 3,5,5-trimethy 93
#73 37.04 0.04 2-Cyclohexen-1-one, 3,5,5-trimethy 81
#78 37.52 0.31 2-Cyclohexen-1-one, 3,5,5-trimethy 81
#79 37.52 0.36 2-Cyclohexen-1-one, 3,5,5-trimethy 93
#81 37.52 0.22 2-Cyclohexen-1-one, 3,5,5-trimethy 93
#84 37.52 0.24 2-Cyclohexen-1-one, 3,5,5-trimethy 90
#86 37.52 0.41 2-Cyclohexen-1-one, 3,5,5-trimethy 91
#87 37.52 0.07 2-Cyclohexen-1-one, 3,5,5-trimethy 90
#90 37.52 0.25 2-Cyclohexen-1-one, 3,5,5-trimethy 93
#92 37.52 0.05 2-Cyclohexen-1-one, 3,5,5-trimethy 81
#94 37.52 0.33 2-Cyclohexen-1-one, 3,5,5-trimethy 87
#95 37.52 0.4 2-Cyclohexen-1-one, 3,5,5-trimethy 90
#96 37.51 0.05 2-Cyclohexen-1-one, 3,5,5-trimethy 81
#70 37.56 0.17 2-Decanone 95
#84 37.99 0.31 2-Decanone 90
#94 35.47 0.27 2-DEUTEROCYCLOHEXA-2-EN-1-OL - 90
#71 34.41 0.41 2-ETHYLHEXANOIC ACID 90
#77 26.15 0.08 2-Furancarboxaldehyde 96
#84 27.44 0.47 2-Heptanone 90
#87 27.43 0.08 2-Heptanone 81
#89 27.42 0.12 2-Heptanone 90
#55 18.03 0.61 2-Heptene 94
#69 18.03 0.15 2-Heptene 93
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#70 22.9 0.19 2-Hexanone 91
#80 23.43 0.42 2-Hexanone 87
#84 23.26 0.19 2-Hexanone 90
#86 23.26 0.27 2-Hexanone 91
#87 26.06 0.23 2-Hexanone 80
#89 23.28 0.42 2-Hexanone 91
#66 42.17 0.3 2-Hexyl-1-octanol 86
#70 35.78 0.39 2H-Pyran-3(4H)-one, 6-ethenyldihyd 90
#86 36.24 0.97 2H-Pyran-3(4H)-one, 6-ethenyldihyd 93
#56 25.96 16.63 2-METHYL-BUTYRIC ACID 91
#60 24.22 1.17 2-METHYL-BUTYRIC ACID 86
#63 25.64 7.54 2-METHYL-BUTYRIC ACID 90
#69 24.21 0.14 2-METHYL-BUTYRIC ACID 80
#71 25.45 7.42 2-METHYL-BUTYRIC ACID 90
#75 25.24 5.16 2-METHYL-BUTYRIC ACID 90
#76 24.66 2.98 2-METHYL-BUTYRIC ACID 90
#77 24.7 3.57 2-METHYL-BUTYRIC ACID 90
#55 43.09 0.04 2-METHYLNAPHTHALENE 93
#86 34.74 0.41 2-NONANONE 91
#89 34.74 0.05 2-NONANONE 87
#81 34.74 0.19 2-Nonanone 93
#84 34.74 0.32 2-Nonanone ( 91
#94 37.4 0.15 2-Nonenal, (E)- 87
#66 30.81 0.07 2-Octanone 81
#70 30.81 0.18 2-Octanone 91
#84 31.22 0.43 2-Octanone 91
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#86 31.22 0.37 2-Octanone 94
#81 20.67 0.75 2-Pentanol 80
#66 18.34 0.33 2-Pentanone 80
#70 18.34 0.85 2-Pentanone 80
#86 18.69 0.54 2-Pentanone 80
#61 40.35 0.37 2-Piperidinone 86
#81 40.78 0.64 2-Piperidinone 87
#82 40.78 0.02 2-Piperidinone 83
#89 40.76 0.04 2-Piperidinone 91
#91 40.81 0.22 2-Piperidinone 91
#92 40.78 0.15 2-Piperidinone 90
#93 40.77 0.05 2-Piperidinone 91
#96 40.77 0.08 2-Piperidinone 90
#97 40.78 0.14 2-Piperidinone 90
#98 40.77 0.15 2-Piperidinone 91
#52 8.97 1.09 2-Propanol 80
#53 8.96 1.28 2-Propanol 80
#61 8.93 1.52 2-Propanol 86
#66 9 0.63 2-Propanol 80
#67 8.97 1.75 2-Propanol 86
#68 8.98 0.19 2-Propanol 86
#69 8.96 0.36 2-Propanol 80
#70 8.96 2.02 2-Propanol 86
#71 8.96 0.23 2-Propanol 86
#72 8.95 3.48 2-Propanol 80
#73 8.96 0.14 2-Propanol 90
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#74 8.92 0.03 2-Propanol 86
#80 9.47 0.04 2-Propanol 80
#91 9.46 0.49 2-Propanol 80
#52 9.43 1.45 2-Propanone 80
#53 12.14 22.44 2-Propanone 80
#56 9.43 0.25 2-Propanone 80
#60 9.42 4.77 2-Propanone 80
#61 9.43 1.4 2-Propanone 80
#62 9.43 0.76 2-Propanone 80
#65 9.43 1.58 2-Propanone 86
#66 9.43 5.2 2-Propanone 86
#68 9.43 0.8 2-Propanone 86
#70 9.42 10.27 2-Propanone 86
#71 9.43 2.94 2-Propanone 80
#72 9.41 26.21 2-Propanone 86
#73 9.42 1.55 2-Propanone 86
#75 9.44 0.83 2-Propanone 80
#80 9.94 0.6 2-Propanone 86
#81 9.93 2.83 2-Propanone 80
#82 9.94 0.49 2-Propanone 80
#84 9.94 1.12 2-Propanone 80
#87 9.93 1.47 2-Propanone 80
#89 9.93 2.35 2-Propanone 80
#96 9.94 0.39 2-Propanone 80
#97 9.94 0.61 2-Propanone 80
#98 9.94 0.76 2-Propanone 80
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#60 42.49 0.13 2-Propenal, 3-phenyl- 96
#90 43.03 0.17 2-Propenal, 3-phenyl- 95
#68 45.47 0.13 2-Propenamide, 2-methyl-N-phenyl- 91
#55 35.03 0.4 2-Pyrrolidinone, 1-methyl 80
#66 40.27 0.15 2-Pyrrolidinone, 1-methyl- $ 80
#69 35.03 0.8 2-Pyrrolidinone, 1-methyl- 81
#84 41.04 0.17 2-Undecanone 90
#86 41.03 0.13 2-Undecanone 90
#55 37.02 0.16 3,5,5-Trimethylcyclohex-2-en-1-one 87
#60 37.02 1.17 3,5,5-Trimethylcyclohex-2-en-1-one 94
#61 37.05 0.08 3,5,5-Trimethylcyclohex-2-en-1-one 87
#66 35.69 0.09 3,5-Heptadien-2-one, 6-methyl-, 87
#87 28.1 0.07 3-Ethoxyphenylacetone hydroxyoxime 90
#55 26.8 0.25 3-Heptanone 91
#60 26.8 0.31 3-Heptanone 91
#69 26.8 0.12 3-Heptanone 87
#70 26.81 0.25 3-Heptanone 90
#79 27.19 0.67 3-Heptanone 91
#81 27.2 0.18 3-Heptanone 81
#83 27.2 0.2 3-Heptanone 87
#84 27.2 0.11 3-Heptanone 83
#85 27.19 0.39 3-Heptanone 87
#86 27.19 0.87 3-Heptanone 91
#87 27.21 0.2 3-Heptanone 81
#90 27.2 0.31 3-Heptanone 87
#94 27.19 0.12 3-Heptanone 90
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#95 27.2 0.2 3-Heptanone 87
#55 17.2 0.35 3-Heptene 92
#86 23 0.1 3-Hexanone 80
#89 37.86 0.05 3-methylfuro[2,3-b]pyridine 80
#90 30.89 0.29 3-Octanol 80
#66 30.59 1.73 3-OCTANONE 95
#70 30.59 0.44 3-OCTANONE 91
#84 31 0.94 3-OCTANONE 81
#86 31 0.62 3-OCTANONE 87
#89 31 0.36 3-OCTANONE 81
#96 31.01 0.23 3-OCTANONE 91
#62 38.55 0.03 3-Pyridinecarboxamide, N-methyl- ( 83
#75 38.54 0.03 3-Pyridinecarboxamide, N-methyl- ( 83
#86 39.04 0.54 3-Pyridinecarboxamide, N-methyl- ( 91
#56 41.29 0.01 
4-AMINO-2,3-
DIMETHYLBENZALDEHYDE  83 
#66 38.54 0.21 4H-1,3-Benzodioxin 81
#70 26.19 0.79 4-Heptanone 90
#86 26.58 1.84 4-Heptanone 91
#66 45.85 0.34 5,9-Undecadien-2-one, 6,10-dimethy 93
#67 45.85 0.22 5,9-Undecadien-2-one, 6,10-dimethy 93
#79 46.72 0.56 5,9-Undecadien-2-one, 6,10-dimethy 87
#75 26.43 0.03 5-methyl-5-vinyl-1,3-cyclopentadie 80
#52 30.93 0.19 6-METHYL-5-HEPTEN-2-ONE 86
#54 27.37 0.03 6-METHYL-5-HEPTEN-2-ONE 94
#55 30.95 0.39 6-METHYL-5-HEPTEN-2-ONE 93
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#60 30.92 0.79 6-METHYL-5-HEPTEN-2-ONE 93
#64 30.92 0.28 6-METHYL-5-HEPTEN-2-ONE 95
#65 30.95 0.16 6-METHYL-5-HEPTEN-2-ONE 80
#66 30.92 0.92 6-METHYL-5-HEPTEN-2-ONE 92
#67 30.91 1.66 6-METHYL-5-HEPTEN-2-ONE 96
#69 30.93 0.37 6-METHYL-5-HEPTEN-2-ONE 90
#83 31.32 0.32 6-METHYL-5-HEPTEN-2-ONE 93
#89 31.36 0.39 6-METHYL-5-HEPTEN-2-ONE 92
#94 31.32 0.38 6-METHYL-5-HEPTEN-2-ONE 91
#95 31.32 0.45 6-METHYL-5-HEPTEN-2-ONE 83
#99 31.31 1.08 6-METHYL-5-HEPTEN-2-ONE 91
#76 27.77 0.17 7-Chloro-4-(3,5-dimethylpyrazol-1- 83
#61 46.78 0.05 7-Methylindole $$ 1H-Indole, 7-met 93
#52 23.48 0.12 Acetamide 86
#53 28.37 16.04 Acetamide 83
#61 28.28 0.33 Acetamide 83
#65 28.01 0.43 Acetamide 90
#68 23.78 0.13 Acetamide 80
#70 23.31 0.3 Acetamide 86
#71 27.98 0.16 Acetamide 87
#74 25.27 1.61 Acetamide 90
#75 27.92 0.16 Acetamide 90
#79 23.6 0.16 Acetamide 86
#87 24.14 0.2 Acetamide 90
#90 23.61 0.56 Acetamide 86
#91 24.71 0.7 Acetamide 83
108 
 
#93 28.29 0.17 Acetamide 90
#97 24.32 0.44 Acetamide 86
#86 23.66 0.46 Acetamide 90
#52 14.2 19.78 Acetic acid 86
#53 17.02 11.62 Acetic acid 90
#54 9.43 1.45 Acetic acid 91
#55 12.48 9.53 Acetic acid 86
#56 15.19 11.96 Acetic acid 90
#60 12.83 6.88 Acetic acid 90
#61 14.64 15.16 Acetic acid 83
#62 5.94 9.72 Acetic acid 86
#63 14.32 14.22 Acetic acid 90
#64 14.29 5.64 Acetic acid 90
#65 14.32 2.83 Acetic acid 90
#66 12.8 17.31 Acetic acid 87
#67 12.86 18.07 Acetic acid 90
#68 14.19 13.54 Acetic acid 90
#69 13.27 3.78 Acetic acid 90
#70 13.5 19.65 Acetic acid 91
#71 15.08 18.67 Acetic acid 90
#72 12.99 20.96 Acetic acid 90
#73 14.15 16.26 Acetic acid 86
#74 16.35 19.35 Acetic acid 80
#75 14.26 26.62 Acetic acid 91
#76 14.75 45.22 Acetic acid 90
#77 14.16 40.22 Acetic acid 90
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#78 13.26 6.26 Acetic acid 86
#79 13.18 2.85 Acetic acid 90
#80 15.91 7.68 Acetic acid 90
#81 14.44 13.85 Acetic acid 90
#82 14.61 15.22 Acetic acid 90
#83 12.78 7.08 Acetic acid 90
#84 12.93 15.53 Acetic acid 86
#85 13.29 19.09 Acetic acid 90
#86 13.71 4.91 Acetic acid 91
#87 12.81 19.65 Acetic acid 86
#89 13.23 26.33 Acetic acid 90
#91 12.81 21.2 Acetic acid 80
#92 13.55 16.93 Acetic acid 90
#93 14.88 20.15 Acetic acid 91
#94 12.72 20.76 Acetic acid 80
#95 13.96 13.36 Acetic acid 91
#96 13.2 26.26 Acetic acid 90
#97 12.81 18.14 Acetic acid 86
#98 12.78 36.11 Acetic acid 86
#99 12.92 42.01 Acetic acid 90
#66 22.13 2.06 Acetonitrile, (dimethylamino)- (CA 90
#86 35.92 11.57 ACETOPHENONE 97
#75 27.55 0.13 AMYL ACETATE 80
#56 29.08 0.06 ANISOLE 90
#56 39.82 0.76 Azulene 95
#80 40.39 0.02 Azulene 95
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#81 40.4 0.29 Azulene 90
#97 40.38 0.03 Azulene 91
#80 32.08 0.18 Benzaldehyde 97
#52 31.56 0.13 Benzaldehyde 96
#53 33.54 1.65 Benzaldehyde 97
#55 31.56 0.29 Benzaldehyde 96
#56 31.58 0.27 Benzaldehyde 97
#60 31.56 0.31 Benzaldehyde 96
#61 31.6 0.07 Benzaldehyde 94
#62 31.64 0.16 Benzaldehyde 95
#63 31.57 0.42 Benzaldehyde 97
#64 31.56 0.13 Benzaldehyde 95
#65 31.57 0.08 Benzaldehyde 95
#66 31.55 0.27 Benzaldehyde 97
#67 31.56 0.64 Benzaldehyde 96
#68 31.57 0.92 Benzaldehyde 94
#69 31.57 1 Benzaldehyde 96
#70 31.55 0.45 Benzaldehyde 97
#71 31.57 0.03 Benzaldehyde 96
#73 31.57 0.07 Benzaldehyde 96
#75 31.57 0.27 Benzaldehyde 97
#76 31.55 0.08 Benzaldehyde 95
#77 31.55 0.04 Benzaldehyde 95
#78 32.02 1.29 Benzaldehyde 97
#79 32.02 0.63 Benzaldehyde 97
#81 32.03 0.36 Benzaldehyde 97
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#82 32.04 0.08 Benzaldehyde 95
#83 32.02 0.38 Benzaldehyde 96
#84 32.02 1.23 Benzaldehyde 97
#86 32.02 0.61 Benzaldehyde 97
#87 32.03 0.68 Benzaldehyde 97
#89 32.02 0.15 Benzaldehyde 97
#90 32.02 1.26 Benzaldehyde 96
#91 32.05 0.05 Benzaldehyde 96
#92 32.03 0.14 Benzaldehyde 96
#93 32.03 0.06 Benzaldehyde 96
#94 32.02 0.7 Benzaldehyde 97
#95 32.02 0.3 Benzaldehyde 97
#96 32.03 2.46 Benzaldehyde 97
#97 32.04 0.72 Benzaldehyde 97
#98 32.02 0.94 Benzaldehyde 97
#99 32.02 2.56 Benzaldehyde 97
#78 56.16 17.54 Benzamide 97
#79 56.16 9.46 Benzamide 96
#52 17.15 9.02 Benzene 95
#53 33.18 4.62 Benzene 94
#54 24.43 5.53 Benzene 95
#55 35.88 1.88 Benzene 96
#56 17.19 9.84 Benzene 95
#60 17.15 5.34 Benzene 94
#61 34.53 0.44 Benzene 83
#62 36.14 0.08 Benzene 95
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#63 36.11 0.24 Benzene 95
#64 37.8 1.63 Benzene 83
#65 29.42 0.2 Benzene 96
#66 17.16 2.62 Benzene 83
#67 17.15 13.11 Benzene 91
#68 17.16 17.84 Benzene 90
#69 17.19 20.51 Benzene 81
#70 26.42 3.24 Benzene 86
#71 36.11 0.2 Benzene 95
#72 31.42 5.79 Benzene 95
#73 30.29 0.23 Benzene 83
#74 29.45 0.12 Benzene 94
#75 36.11 0.59 Benzene 95
#76 29.4 0.37 Benzene 97
#77 29.4 0.29 Benzene 98
#80 34.03 0.53 Benzene 90
#81 26.85 1.11 Benzene 95
#82 35.45 0.04 Benzene 95
#83 26.86 0.31 Benzene 95
#84 31.9 0.47 Benzene 92
#86 26.86 0.67 Benzene 97
#87 17.62 0.55 Benzene 80
#89 28.11 0.41 Benzene 90
#90 22.48 0.29 Benzene 93
#92 31.91 0.46 Benzene 96
#93 28.12 0.13 Benzene 80
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#94 17.59 6.84 Benzene 87
#95 38.14 3.38 Benzene 83
#96 31.91 0.44 Benzene 95
#97 30.74 0.49 Benzene 92
#98 17.6 2.49 Benzene 80
#99 22.47 2.27 Benzene 94
#55 44.34 0.06 Benzoic acid 93
#60 35.97 0.13 Benzoic acid 94
#61 39.49 0.03 Benzoic acid 96
#66 39.48 0.11 Benzoic acid 95
#68 39.49 0.5 Benzoic acid 96
#69 39.49 0.98 Benzoic acid 96
#70 39.49 0.1 Benzoic acid 97
#73 39.49 0.03 Benzoic acid 95
#84 40 0.17 Benzoic acid 94
#87 37.91 0.07 Benzoic acid 96
#94 39.99 0.88 Benzoic acid 97
#95 39.99 0.28 Benzoic acid 97
#98 39.99 0.21 Benzoic acid 97
#99 39.99 0.39 Benzoic acid 97
#84 38.96 0.04 Benzonitrile, 4-methyl- 90
#79 42.32 0.44 BENZOTHIAZOLE 97
#81 42.32 0.1 BENZOTHIAZOLE 95
#94 42.32 0.11 BENZOTHIAZOLE 95
#95 42.32 0.07 BENZOTHIAZOLE 91
#84 34.39 0.64 BENZYL ALCOHOL 97
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#87 34.41 0.04 BENZYL ALCOHOL 98
#96 34.41 0.03 BENZYL ALCOHOL 96
#56 48.64 0.01 BHT 95
#79 40.75 0.21 Bicyclo[3.1.1]hept-3-en-2-one, 4,6 86
#81 39.41 0.1 Bicyclo[3.1.1]heptan-3-one, 2,6,6- 95
#92 28.2 0.06 Bicyclo[4.2.0]octa-1,3,5-triene 95
#97 28.2 0.04 Bicyclo[4.2.0]octa-1,3,5-triene 96
#53 35.19 0.11 B-PHENYLETHYL ACETATE 86
#52 7.22 0.08 Butane 80
#54 5.56 5.99 Butane 80
#55 7.23 1.32 Butane 91
#60 7.22 0.3 Butane 90
#67 7.22 1.31 Butane 80
#69 7.21 0.11 Butane 90
#70 7.24 0.79 Butane 81
#72 7.26 0.3 Butane 80
#77 7.21 0.22 Butane 83
#78 7.88 5.1 Butane 91
#79 7.89 4.1 Butane 91
#83 7.89 0.05 Butane 91
#84 7.87 3.8 Butane 91
#85 7.89 18.77 Butane 91
#86 7.86 0.52 Butane 87
#90 7.89 2.12 Butane 87
#94 7.91 0.23 Butane 86
#95 7.88 0.17 Butane 80
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#98 7.89 7.51 Butane 91
#99 7.88 5.33 Butane 91
#52 21.56 7.68 BUTANOIC ACID 86
#53 21.91 4.89 BUTANOIC ACID 91
#55 22.03 8.62 BUTANOIC ACID 92
#60 23.72 0.59 BUTANOIC ACID 80
#61 23.44 7.49 BUTANOIC ACID 91
#62 30.68 0.39 BUTANOIC ACID 80
#63 22.96 11.72 BUTANOIC ACID 93
#64 21.36 28.62 BUTANOIC ACID 90
#65 23.66 25.04 BUTANOIC ACID 87
#66 21.76 2.78 BUTANOIC ACID 90
#67 21.52 3.58 BUTANOIC ACID 87
#68 22.05 9.55 BUTANOIC ACID 92
#69 21.55 1.47 BUTANOIC ACID 86
#70 21.57 5.51 BUTANOIC ACID 93
#71 23 16.9 BUTANOIC ACID 94
#72 21.53 4.43 BUTANOIC ACID 93
#73 22.98 32.25 BUTANOIC ACID 95
#74 25.66 3.64 BUTANOIC ACID 87
#75 26.91 0.17 BUTANOIC ACID 90
#76 22.5 27.02 BUTANOIC ACID 95
#77 22.57 30.15 BUTANOIC ACID 95
#80 24.3 16.06 BUTANOIC ACID 86
#81 22.1 2.16 BUTANOIC ACID 80
#82 23.9 38.99 BUTANOIC ACID 91
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#83 22.92 49.41 BUTANOIC ACID 91
#84 24.23 3.63 BUTANOIC ACID 83
#85 21.79 4.85 BUTANOIC ACID 87
#87 23 17.85 BUTANOIC ACID 94
#89 22.47 31.96 BUTANOIC ACID 93
#91 23.8 28.06 BUTANOIC ACID 91
#92 22.19 39.97 BUTANOIC ACID 90
#93 23.38 41.66 BUTANOIC ACID 95
#94 22.16 9.28 BUTANOIC ACID 94
#95 22.29 23.8 BUTANOIC ACID 94
#96 22.68 44.34 BUTANOIC ACID 94
#97 23.33 25.8 BUTANOIC ACID 95
#98 22.39 11.42 BUTANOIC ACID 94
#99 21.83 5.48 BUTANOIC ACID 90
#52 31.43 0.42 C3-BENZENE 97
#54 27.75 0.52 C3-BENZENE 97
#55 30.28 0.05 C3-BENZENE 94
#69 30.28 3.82 C3-BENZENE 97
#78 31.9 0.91 C3-BENZENE 97
#52 29.32 2.93 CAMPHENE 98
#64 29.33 0.52 CAMPHENE 98
#62 30.36 0.53 CAPROIC ACID 90
#61 31.25 2.63 Carbamic acid, phenyl ester (CAS) 97
#93 44.05 0.02 CARVACROL 92
#55 15.03 0.03 Chloroform 87
#70 15.03 0.27 Chloroform 97
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#94 24.45 0.77 Cyclohexane 95
#52 16.12 10.69 Cyclohexane 95
#53 23.48 0.15 Cyclohexane 94
#54 16.12 41.15 Cyclohexane 95
#55 16.12 11.91 Cyclohexane 95
#56 16.17 0.28 Cyclohexane 93
#67 16.12 1.86 Cyclohexane 94
#68 16.13 8.98 Cyclohexane 95
#69 16.12 9.27 Cyclohexane 91
#70 16.12 4.2 Cyclohexane 95
#71 16.12 0.16 Cyclohexane 93
#72 16.13 5.68 Cyclohexane 95
#77 16.13 1.69 Cyclohexane 95
#86 38.81 0.24 Cyclooctane, 1,4-dimethyl-, trans- 90
#70 11.38 1.31 Cyclopentane 86
#85 11.93 0.94 Cyclopentane 80
#53 21.41 0.99 Cyclopentane 91
#55 14.18 1.02 Cyclopentane 91
#86 33.73 0.6 Cyclopropane, octyl- 87
#60 21.54 1.94 Cyclotrisiloxane, hexamethyl 91
#78 21.86 1.25 Cyclotrisiloxane, hexamethyl- 87
#79 21.84 1.28 Cyclotrisiloxane, hexamethyl 91
#95 21.86 0.71 Cyclotrisiloxane, hexamethyl- 87
#56 29.45 0.51 Decane 83
#66 36.25 0.34 Decane 94
#68 25.6 0.65 Decane 80
118 
 
#82 29.86 0.08 Decane 90
#87 42.63 0.16 Decane 93
#90 33.41 0.47 Decane 80
#94 43.07 0.09 Decane 87
#53 27.37 0.03 DIMETHYLDISULFIDE 96
#56 21.67 6.31 DIMETHYLDISULFIDE 98
#72 21.65 0.58 DIMETHYLDISULFIDE 96
#62 21.65 0.11 Disulfide, dimethyl 91
#67 21.66 0.4 Disulfide, dimethyl 87
#68 21.66 0.35 Disulfide, dimethyl 93
#73 21.66 3.21 Disulfide, dimethyl 97
#86 22.06 0.04 Disulfide, dimethyl 95
#87 22.08 0.04 Disulfide, dimethyl 97
#96 22.09 1.75 Disulfide, dimethyl 89
#97 22.08 0.12 Disulfide, dimethyl 96
#75 10.21 0.07 DMS 93
#77 10.21 0.1 DMS 90
#55 36.25 0.26 Dodecane 81
#60 36.25 1.45 Dodecane 90
#61 36.26 0.09 Dodecane 94
#67 36.25 0.49 Dodecane 90
#68 36.25 0.89 Dodecane 94
#70 36.25 0.28 Dodecane 87
#72 36.25 0.43 Dodecane 91
#74 36.25 0.03 Dodecane 91
#75 36.25 0.04 Dodecane 92
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#78 36.69 0.85 Dodecane 90
#79 36.69 1.42 Dodecane 91
#81 36.69 0.97 Dodecane 97
#82 36.69 0.12 Dodecane 94
#83 36.69 0.55 Dodecane 90
#84 36.69 0.92 Dodecane 90
#86 36.69 1.06 Dodecane 94
#87 36.69 0.17 Dodecane 91
#94 36.69 1.42 Dodecane 95
#95 36.69 0.44 Dodecane 93
#69 36.25 2.04 Dodecane 96
#73 36.26 0.16 Dodecane 93
#69 32.99 1.68 Eicosane 86
#56 7.51 0.24 Ethanol 86
#61 7.52 0.21 Ethanol 86
#67 7.53 0.28 Ethanol 86
#68 7.52 0.12 Ethanol 86
#70 7.51 1.21 Ethanol 86
#71 7.52 0.19 Ethanol 86
#73 7.52 0.15 Ethanol 86
#74 7.54 0 Ethanol 86
#80 8.1 0.06 Ethanol 86
#86 8.09 0.32 Ethanol 86
#87 8.09 0.18 Ethanol 86
#52 35.41 0.19 Ethanone 95
#55 35.41 0.15 Ethanone 90
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#56 35.44 0.62 Ethanone 95
#60 35.41 0.09 Ethanone 93
#61 35.45 0.09 Ethanone 93
#62 35.47 0.04 Ethanone 92
#63 35.43 0.34 Ethanone 94
#64 35.41 0.08 Ethanone 87
#65 35.44 2.49 Ethanone 96
#66 35.42 6.87 Ethanone 94
#67 35.41 0.41 Ethanone 92
#70 35.42 5.21 Ethanone 95
#73 35.43 0.2 Ethanone 94
#74 35.44 0.04 Ethanone 92
#75 35.42 0.07 Ethanone 93
#78 35.89 0.62 Ethanone 97
#79 35.9 0.42 Ethanone 94
#80 35.96 0.37 Ethanone 95
#81 35.91 6.31 Ethanone 95
#82 35.91 0.02 Ethanone 90
#83 35.9 0.13 Ethanone 95
#84 35.9 4.2 Ethanone 95
#86 21.53 0.12 Ethanone 83
#87 35.9 0.3 Ethanone 97
#89 35.9 3.43 Ethanone 97
#90 35.9 1.65 Ethanone 97
#91 35.91 0.05 Ethanone 95
#92 35.89 0.08 Ethanone 93
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#93 35.89 0.04 Ethanone 91
#94 35.9 0.33 Ethanone 92
#96 35.9 0.05 Ethanone 94
#97 35.91 2.94 Ethanone 97
#98 35.88 0.23 Ethanone 93
#99 35.88 0.39 Ethanone 93
#55 14.58 0.25 ETHYL ACETATE 90
#53 26.2 0.1 ETHYL BENZENE 94
#54 23.7 0.05 ETHYL BENZENE 95
#69 26.2 0.33 ETHYL BENZENE 93
#91 18.06 0.01 ETHYL FORMATE 90
#53 29.32 2.93 Formamide 86
#56 42.04 0.06 Formamide 94
#60 42.04 0.85 Formamide 94
#66 24.2 0.62 Formamide 80
#81 42.51 0.12 Formamide 93
#86 42.52 0.12 Formamide 81
#95 42.51 0.32 Formamide 93
#99 30.58 0.63 Formamide 87
#55 30.57 0.11 Furan 81
#56 30.58 0.29 Furan 90
#60 30.56 0.2 Furan 87
#67 30.57 0.25 Furan 81
#96 46.72 0.05 GERANYL ACETONE 81
#55 46.16 0.04 Heptadecane 90
#61 44.99 0.03 Heptadecane 87
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#94 45.46 0.82 Heptadecane 91
#54 7.54 0.13 Heptanal 90
#69 27.51 0.1 Heptanal 91
#78 27.91 0.66 Heptanal 96
#79 27.9 0.34 Heptanal 91
#83 27.91 0.1 Heptanal 80
#85 27.91 0.41 Heptanal 95
#90 27.91 0.28 Heptanal 96
#94 27.91 0.12 Heptanal 96
#95 27.91 0.2 Heptanal 96
#98 27.9 0.06 Heptanal 95
#83 29.68 0.15 Heptane 86
#98 29.68 0.22 Heptane 86
#60 42.17 1.83 Hexadecane 90
#73 39.96 0.07 Hexadecane 81
#80 49.57 0.02 Hexadecane 90
#81 49.58 0.07 Hexadecane 91
#94 39.02 1.77 Hexadecane 80
#52 17.02 0.54 HEXADEUTEROBENZENE 94
#53 23.7 0.05 HEXADEUTEROBENZENE 90
#54 19.63 1.67 HEXADEUTEROBENZENE 91
#55 17.02 0.38 HEXADEUTEROBENZENE 91
#52 41.43 0.49 HEXAMINE 91
#53 35.41 0.19 HEXAMINE 91
#54 31.43 0.42 HEXAMINE 91
#56 41.45 0.31 HEXAMINE 91
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#61 41.45 0.15 HEXAMINE 91
#62 41.46 0.09 HEXAMINE 91
#63 41.46 0.08 HEXAMINE 90
#64 41.45 0.08 HEXAMINE 87
#68 41.44 0.39 HEXAMINE 87
#93 41.99 0.09 HEXAMINE 91
#94 23.76 0.78 Hexanal 87
#54 10.14 0.14 Hexanal 90
#60 23.39 1.14 Hexanal 91
#69 23.39 0.19 Hexanal 87
#78 23.77 1.61 Hexanal 95
#79 23.77 1.02 Hexanal 95
#85 23.77 3.6 Hexanal 90
#52 12.14 5.11 HEXANE 91
#54 7.22 0.08 HEXANE 91
#55 12.15 4.47 HEXANE 91
#56 12.32 0.83 HEXANE 81
#71 12.32 0.14 HEXANE 90
#77 12.14 0.9 HEXANE 90
#53 16.12 10.93 HEXANE 91
#67 12.17 1.6 HEXANE 90
#68 12.16 0.43 HEXANE 91
#70 12.16 2.78 HEXANE 91
#72 12.16 3.12 HEXANE 91
#52 25.67 0.21 Hexanoic Acid 80
#55 25.7 5.3 Hexanoic Acid 83
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#56 29.76 0.33 Hexanoic acid 80
#61 29.91 3.65 Hexanoic acid 86
#63 26.85 7.68 Hexanoic acid 86
#64 42.89 0.56 Hexanoic acid 91
#66 42.89 0.15 Hexanoic acid 91
#70 34.38 1.66 Hexanoic Acid 94
#72 25.59 1.3 Hexanoic Acid 86
#80 30.75 0.68 Hexanoic Acid 90
#55 42.56 0.07 Hexatriacontane 87
#96 39.75 0.03 Hydroxylamine, O-decyl- 86
#53 26.89 0.03 ISOBUTYRIC ACID 90
#56 22.01 3.03 ISOBUTYRIC ACID 87
#61 22.11 2.17 ISOBUTYRIC ACID 91
#68 20.72 1.31 ISOBUTYRIC ACID 87
#71 21.73 2.33 ISOBUTYRIC ACID 90
#94 20.71 2.75 ISOBUTYRIC ACID 90
#98 20.67 1.78 ISOBUTYRIC ACID 87
#99 9.54 1.98 
ISOPRENE $$ 2-METHYL-1,3-
BUTADIENE 95 
#74 42.02 0.01 Isoquinoline (CAS) 86
#53 24.11 6.65 iso-VALERIC ACID 90
#56 24.87 3.96 iso-VALERIC ACID 90
#61 25.65 7.32 iso-VALERIC ACID 90
#64 23.79 0.2 iso-VALERIC ACID 86
#68 24.5 3.83 iso-VALERIC ACID 86
#69 23.78 0.28 iso-VALERIC ACID 86
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#71 24.81 5.74 iso-VALERIC ACID 86
#73 24.73 5.72 iso-VALERIC ACID 86
#75 24.59 2.03 iso-VALERIC ACID 86
#77 24.16 2.28 iso-VALERIC ACID 90
#80 25.88 5.21 iso-VALERIC ACID 90
#82 25.21 4.29 iso-VALERIC ACID 90
#83 24.66 7.93 iso-VALERIC ACID 90
#87 24.81 6.43 iso-VALERIC ACID 86
#89 24.6 7.13 iso-VALERIC ACID 90
#91 25.34 6.67 iso-VALERIC ACID 90
#92 24.99 5.5 iso-VALERIC ACID 90
#93 24.89 5.14 iso-VALERIC ACID 90
#95 24.33 2.82 iso-VALERIC ACID 90
#96 24.86 4.19 iso-VALERIC ACID 90
#97 25.04 8.59 iso-VALERIC ACID 90
#98 24.56 9.13 iso-VALERIC ACID 90
#99 24.13 3.18 iso-VALERIC ACID 86
#55 45.62 0.04 Junipene 83
#64 30.51 0.63 l-.beta.-Pinene 97
#52 32.14 1.76 LIMONENE 98
#53 32.14 0.1 LIMONENE 98
#61 32.16 0.04 LIMONENE 95
#64 32.14 1.98 LIMONENE 99
#71 32.14 0.04 LIMONENE 98
#74 32.17 0.03 LIMONENE 97
#75 32.15 0.13 LIMONENE 99
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#78 32.61 1.79 LIMONENE 98
#79 32.61 3.75 LIMONENE 98
#80 32.65 0.07 LIMONENE 94
#81 32.61 0.91 LIMONENE 98
#82 32.62 0.03 LIMONENE 98
#83 32.61 0.2 LIMONENE 98
#84 32.61 0.19 LIMONENE 96
#85 32.61 0.38 LIMONENE 98
#87 32.62 0.32 LIMONENE 98
#98 32.62 0.11 LIMONENE 98
#86 32.61 0.8 LIMONENE 98
#53 7.54 0.2 Methanamine 90
#56 34.14 0.59 Methanamine 93
#61 6.65 0.09 Methanamine 86
#62 34.24 0.09 Methanamine 93
#65 34.12 0.86 Methanamine 94
#66 6.71 3.77 Methanamine 90
#71 10 0.32 Methanamine 90
#73 34.12 0.12 Methanamine 93
#74 6.69 0 Methanamine 80
#75 34.11 0.46 Methanamine 91
#80 7.36 0 Methanamine 86
#81 34.56 1.21 Methanamine 93
#86 7.19 0.84 Methanamine 90
#91 34.6 0.78 Methanamine 87
#92 34.59 0.03 Methanamine 90
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#96 34.58 0.02 Methanamine 94
#97 34.59 0.02 Methanamine 86
#52 11.11 1.09 Methane 96
#53 15.44 0.27 Methane 96
#54 10.72 2.49 Methane 96
#55 11.11 0.82 Methane 95
#56 11.11 0.27 Methane 95
#60 11.11 0.41 Methane 97
#61 11.1 0.58 Methane 95
#62 11.1 0.06 Methane 94
#63 11.11 0.08 Methane 94
#64 11.11 0.07 Methane 95
#65 11.12 0.03 Methane 95
#66 11.12 1.18 Methane 94
#67 11.12 0.36 Methane 94
#68 11.12 0.06 Methane 96
#69 11.11 0.06 Methane 93
#70 11.12 5.21 Methane 97
#71 11.11 0.69 Methane 93
#72 11.11 1.52 Methane 96
#73 11.11 1.21 Methane 90
#74 10.19 0.06 Methane 95
#76 11.12 0.08 Methane 89
#77 11.11 0.14 Methane 95
#78 31.36 2.96 Methane 91
#79 31.38 5.07 Methane 91
128 
 
#80 8.64 0 Methane 80
#81 31.43 3 Methane 91
#82 8.66 0.09 Methane 90
#83 8.69 1.58 Methane 90
#84 31.4 2.88 Methane 91
#85 8.69 18.92 Methane 80
#86 31.42 2.83 Methane 91
#87 8.67 0.02 Methane 90
#89 8.69 0.52 Methane 86
#90 31.33 3.47 Methane 81
#91 28.23 0.11 Methane 93
#93 8.69 0.32 Methane 86
#94 8.68 0.66 Methane 80
#95 8.68 0.31 Methane 80
#96 8.66 0.23 Methane 86
#97 8.66 0.17 Methane 86
#98 8.69 15.91 Methane 80
#99 8.69 13.17 Methane 90
#56 59.25 0.02 Methanone 96
#60 59.27 0.97 Methanone 97
#61 59.27 0.02 Methanone 96
#62 59.27 0.02 Methanone 91
#63 59.26 0.02 Methanone 95
#65 59.27 0.02 Methanone 94
#69 59.27 0.1 Methanone 97
#71 59.26 0.03 Methanone 95
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#73 59.26 0.03 Methanone 94
#74 59.27 0.02 Methanone 89
#79 62.24 0.58 Methanone 96
#81 62.24 0.07 Methanone 96
#84 62.24 0.11 Methanone 91
#86 62.24 0.15 Methanone 97
#87 62.24 0.06 Methanone 96
#91 62.23 0.02 Methanone 83
#92 62.25 0.05 Methanone 96
#95 62.23 0.09 Methanone 96
#97 62.23 0.01 Methanone 92
#52 19.63 0.08 METHYL BUTYRATE 90
#53 28.6 0.08 
METHYL ESTER OF N-METHYL 
CARBAMIC 80 
#52 15.44 0.27 METHYL PROPIONATE 87
#77 15.45 1.47 METHYL PROPIONATE 91
#71 24.08 0.16 METHYL VALERATE 94
#69 18.89 0.89 METHYLCYCLOHEXANE 97
#94 19.37 0.07 METHYLCYCLOHEXANE 80
#52 26.2 0.16 METHYLLAURATE 94
#55 26.2 0.08 METHYLLAURATE 94
#60 26.19 0.17 METHYLLAURATE 93
#78 26.65 0.34 METHYLLAURATE 95
#95 26.64 0.12 METHYLLAURATE 89
#56 43.87 0.02 methylnaphthalene 90
#61 43.1 0.02 methylnaphthalene 90
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#62 43.1 0.01 methylnaphthalene 90
#68 43.87 0.05 methylnaphthalene 90
#69 43.88 0.16 methylnaphthalene 91
#80 43.76 0 methylnaphthalene 91
#75 30.13 0.09 MYRCENE 96
#60 27.51 0.75 N HEPTANAL 97
#99 27.9 0.7 N HEPTANAL 97
#56 42.47 0.01 N,N-DIMETHYLHOMOSERINE LACTONE 86
#56 43.09 0.03 Naphthalene 94
#64 39.82 0.16 Naphthalene 93
#67 43.1 0.2 Naphthalene 96
#71 39.82 0.03 Naphthalene 92
#74 49.81 0.01 Naphthalene 95
#75 43.1 0.01 Naphthalene 95
#83 40.38 0.2 Naphthalene 95
#86 40.39 0.51 Naphthalene 94
#93 40.39 0.03 Naphthalene 91
#94 48.65 1.62 Naphthalene 97
#95 40.38 1.24 Naphthalene 95
#97 43.75 0.03 Naphthalene 93
#99 40.38 0.84 Naphthalene 97
#52 39.82 1.02 Naphthalene 97
#55 39.82 0.22 Naphthalene 94
#60 39.82 2.71 Naphthalene 95
#61 39.83 0.1 Naphthalene 95
#62 39.83 0.05 Naphthalene 93
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#63 39.82 0.05 Naphthalene 93
#65 39.82 0.03 Naphthalene 92
#66 39.82 0.36 Naphthalene 95
#68 39.82 0.78 Naphthalene 97
#69 39.82 1.44 Naphthalene 95
#70 39.82 0.21 Naphthalene 95
#72 39.82 0.3 Naphthalene 94
#73 39.82 0.13 Naphthalene 94
#76 39.81 0.03 Naphthalene 93
#77 39.83 0.03 Naphthalene 93
#78 40.38 0.66 Naphthalene 95
#79 40.37 0.56 Naphthalene 97
#82 40.39 0.02 Naphthalene 91
#84 40.38 0.21 Naphthalene 93
#85 40.38 0.28 Naphthalene 94
#87 40.38 0.1 Naphthalene 94
#89 40.39 0.03 Naphthalene 92
#90 40.39 0.23 Naphthalene 92
#92 40.39 0.05 Naphthalene 92
#96 40.38 0.07 Naphthalene 94
#98 40.38 0.45 Naphthalene 95
#52 35.28 0.07 NEO-ALLO-OCIMENE 96
#64 35.27 0.3 NEO-ALLO-OCIMENE 96
#52 45.84 0.04 NERYL ACETONE 94
#66 21.5 2 N-ethyl-1,3-dithioisoindoline 86
#81 21.86 0.42 N-ethyl-1,3-dithioisoindoline 83
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#94 21.88 2.19 N-ethyl-1,3-dithioisoindoline 83
#71 48.47 0.02 N-formyl-2-aminobenzaldehyde 87
#55 23.4 0.05 N-HEXANAL 96
#99 23.77 0.99 N-HEXANAL 80
#63 42.89 1.62 N-HEXYL N-HEXANOATE 91
#75 40.11 0.03 N-Methyl-4-(o-hydroxybenzyl)-1,2,3 90
#60 31.29 1.24 N-OCTANAL 97
#67 31.29 0.49 N-OCTANAL 98
#78 31.71 1.83 N-OCTANAL 97
#79 31.71 0.84 N-OCTANAL 86
#55 39.97 1.13 Nonadecane 87
#68 39.21 0.28 Nonadecane 86
#69 40.24 0.5 Nonadecane 86
#60 34.78 4.22 Nonanal 91
#67 34.78 3.19 Nonanal 91
#78 35.21 16.05 Nonanal 91
#79 35.21 3.41 Nonanal 91
#90 35.21 0.77 Nonanal 91
#55 40.52 1.28 Nonane 91
#67 33.18 0.34 Nonane 80
#68 29.73 0.25 Nonane 83
#78 41.04 0.47 Nonane 80
#79 41.04 0.69 Nonane 90
#95 41.04 0.7 Nonane 90
#54 29.83 0.1 NONYL ALDEHYDE 90
#68 44.71 0.07 N-TETRADECANE 91
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#60 39.97 0.24 Octadecane 80
#67 40.74 0.14 Octadecane 90
#68 42.66 0.05 Octadecane 91
#69 42.66 0.13 Octadecane 83
#54 31.29 0.28 OCTANAL 91
#85 31.71 0.47 OCTANAL 90
#94 31.71 0.37 OCTANAL 91
#95 31.71 0.29 OCTANAL 92
#98 31.71 0.07 OCTANAL 94
#99 31.71 0.2 OCTANAL 95
#52 26.89 0.03 Octane 81
#68 38.81 0.72 Octane 91
#69 39.21 1.62 Octane 87
#94 40.69 1 Octane 87
#54 27.03 0.07 o-Ethyl toluene $$ 1-Ethyl-2-methy 94
#60 30.1 0.56 o-Ethyl toluene $$ 1-Ethyl-2-methy 93
#65 42.06 0.02 PARA-ANISALDEHYDE 87
#52 32.36 0.57 
PARA-CYMENE $$ 4-
ISOPROPYLTOLUENE 95 
#64 32.36 0.34 
PARA-CYMENE $$ 4-
ISOPROPYLTOLUENE 95 
#74 32.39 0.06 
PARA-CYMENE $$ 4-
ISOPROPYLTOLUENE 95 
#84 32.81 0.07 p-cymene $$ 1-methyl-4-isopropylbe 86
#87 32.81 0.13 p-cymene $$ 1-methyl-4-isopropylbe 94
#66 43.87 0.04 Pentaborane(9), bromo- 83
#60 40.49 0.67 PENTADECANE 93
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#67 39.96 0.6 PENTADECANE 87
#68 38.57 2.02 PENTADECANE 90
#69 44.98 0.06 PENTADECANE 94
#73 44.99 0.03 PENTADECANE 96
#78 45.75 0.75 PENTADECANE 95
#79 45.75 0.89 PENTADECANE 97
#80 45.75 0.02 PENTADECANE 95
#81 45.75 0.1 PENTADECANE 91
#84 45.76 0.09 PENTADECANE 83
#86 45.76 0.12 PENTADECANE 96
#94 45.75 0.45 PENTADECANE 91
#95 45.75 0.11 PENTADECANE 93
#99 19.21 0.2 Pentanal 90
#79 19.21 0.2 Pentanal 86
#78 11.21 1.48 Pentanal 80
#94 11.23 0.05 Pentanal 87
#56 28.94 2.89 Pentanoic acid 90
#61 29.26 5.66 Pentanoic acid 86
#62 29.86 9.24 Pentanoic acid 83
#63 28.99 6.41 Pentanoic acid 86
#64 25.76 4 Pentanoic acid 90
#65 26.54 6.08 Pentanoic acid 83
#66 25.71 1.73 Pentanoic acid 90
#67 28.19 0.79 Pentanoic acid 83
#70 23.78 0.53 Pentanoic acid 83
#71 26.69 10.01 Pentanoic acid 90
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#73 26.57 10.87 Pentanoic acid 83
#74 29.14 4.2 Pentanoic acid 86
#75 26.17 1.27 Pentanoic acid 90
#76 24.14 4.39 Pentanoic acid 83
#77 25.95 3.16 Pentanoic acid 90
#80 30.08 7.35 Pentanoic acid 91
#81 26.35 3.03 Pentanoic acid 90
#82 26.97 8.44 Pentanoic acid 83
#83 26.56 15.87 Pentanoic acid 90
#84 26.13 1.9 Pentanoic acid 90
#85 25.92 1.63 Pentanoic acid 80
#87 26.56 5.14 Pentanoic acid 90
#89 26.34 5.85 Pentanoic acid 90
#91 27.07 7.83 Pentanoic acid 83
#92 26.22 6.22 Pentanoic acid 83
#93 26.72 10.38 Pentanoic acid 90
#94 26.11 1.83 Pentanoic acid 90
#95 26.13 7.6 Pentanoic acid 90
#96 26 0.85 Pentanoic acid 80
#97 26.71 7.24 Pentanoic acid 90
#98 26.15 3.37 Pentanoic acid 90
#52 31.09 2.32 Phenol 95
#55 31.11 6.13 Phenol 96
#56 31.17 2.71 Phenol 95
#60 31.09 2.15 Phenol 97
#61 31.74 0.63 Phenol 83
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#62 31.3 2.63 Phenol 96
#63 31.16 3.96 Phenol 94
#64 31.11 2.83 Phenol 94
#65 31.17 1.13 Phenol 94
#66 31.11 1.84 Phenol 94
#67 31.09 1.62 Phenol 94
#68 31.12 3.18 Phenol 96
#69 31.1 4.42 Phenol 95
#70 31.1 0.44 Phenol 96
#71 31.14 1.66 Phenol 94
#73 31.15 9.68 Phenol 97
#74 31.23 1.02 Phenol 95
#75 31.13 1.45 Phenol 94
#76 31.1 0.34 Phenol 90
#77 34.63 0.07 Phenol 95
#78 31.51 2.45 Phenol 94
#79 31.51 2.99 Phenol 95
#80 31.65 4.23 Phenol 95
#81 31.54 1.37 Phenol 97
#82 31.54 1.03 Phenol 97
#83 31.51 2.25 Phenol 97
#84 31.52 1.68 Phenol 91
#86 31.54 2.07 Phenol 97
#87 31.52 3.04 Phenol 95
#89 31.53 12.69 Phenol 97
#90 31.5 0.91 Phenol 97
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#91 31.8 4.79 Phenol 86
#92 31.54 1.69 Phenol 95
#93 31.36 1.11 Phenol 94
#94 31.51 0.97 Phenol 94
#95 31.51 1.62 Phenol 94
#96 31.52 0.32 Phenol 97
#97 31.53 2.04 Phenol 95
#98 31.5 0.23 Phenol 93
#99 34.98 0.5 Phenol 86
#91 37.39 0.04 PHENYLETHYL ALCOHOL 94
#65 40.4 0.03 Piperidine 95
#56 40.33 0.3 Piperidinone 93
#62 40.34 0.15 Piperidinone 90
#63 40.3 0.08 Piperidinone 90
#74 40.33 0.2 Piperidinone 90
#70 40.09 0.06 Plumbane, tetramethyl- (CAS) 86
#61 27.98 0.36 Propanamide 86
#62 28.52 0.38 Propanamide 86
#74 27.93 0.47 Propanamide 86
#76 27.16 0.05 Propanamide 80
#80 29.06 0.55 Propanamide 86
#82 27.91 0.09 Propanamide 86
#91 27.98 0.24 Propanamide 86
#93 27.76 0.09 Propanamide 80
#96 27.55 0.05 Propanamide 80
#98 27.47 0.06 Propanamide 80
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#61 22.38 3.36 Propanedioic acid 90
#65 22 13.27 Propanedioic acid 86
#65 30.7 0.11 Propanamide 90
#61 11.94 0.03 PROPANOL 80
#68 11.75 0.04 PROPANOL 80
#70 11.74 0.36 PROPANOL 86
#72 11.73 0.89 PROPANOL 87
#73 11.73 0.11 PROPANOL 87
#52 17.68 2.83 PROPIONIC ACID 94
#53 23.9 2.39 PROPIONIC ACID 83
#55 17.76 0.18 PROPIONIC ACID 94
#56 19.66 7.58 PROPIONIC ACID 97
#61 18.92 18.71 PROPIONIC ACID 91
#62 20.95 11.21 PROPIONIC ACID 91
#63 19.67 12.21 PROPIONIC ACID 90
#64 17.14 2.44 PROPIONIC ACID 86
#65 17.98 30.89 PROPIONIC ACID 83
#66 17.81 0.11 PROPIONIC ACID 81
#67 17.46 0.42 PROPIONIC ACID 94
#68 17.81 1.02 PROPIONIC ACID 94
#69 17.43 0.12 PROPIONIC ACID 80
#70 17.47 3.81 PROPIONIC ACID 95
#71 19.66 15.22 PROPIONIC ACID 90
#72 17.36 0.36 PROPIONIC ACID 87
#73 18.36 9.91 PROPIONIC ACID 90
#74 20.62 29.9 PROPIONIC ACID 90
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#75 18.39 37.91 PROPIONIC ACID 95
#76 18.85 12.42 PROPIONIC ACID 94
#77 18.76 9.62 PROPIONIC ACID 94
#80 21.12 6.77 PROPIONIC ACID 96
#81 18.26 0.15 PROPIONIC ACID 97
#82 20.46 26.71 PROPIONIC ACID 96
#84 17.94 0.72 PROPIONIC ACID 86
#87 18.05 30.54 PROPIONIC ACID 90
#90 17.71 1.54 PROPIONIC ACID 80
#91 18.04 26.17 PROPIONIC ACID 86
#92 17.89 18.87 PROPIONIC ACID 87
#93 19.78 15.83 PROPIONIC ACID 96
#94 18.27 2.38 PROPIONIC ACID 97
#95 17.97 1.07 PROPIONIC ACID 97
#96 18.03 9.07 PROPIONIC ACID 91
#97 17.95 27.38 PROPIONIC ACID 87
#98 17.9 2.13 PROPIONIC ACID 86
#62 27.01 0.22 PROPYL BUTYRATE 80
#64 26.41 0.03 p-Xylene 81
#61 27.85 0.05 Pyridine 90
#65 53.7 0.02 Pyridine 80
#66 21.92 1.85 Pyridine 94
#70 21.9 1.78 Pyridine 95
#73 27.54 0.14 Pyridine 92
#80 29.47 0.03 Pyridine 91
#81 22.34 1 Pyridine 95
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#84 27.75 0.26 Pyridine 81
#86 22.28 3.28 Pyridine 97
#89 27.87 0.03 Pyridine 95
#90 22.31 0.6 Pyridine 97
#94 22.35 0.24 Pyridine 95
#96 49.79 0.05 Pyridine 91
#97 49.8 0.02 Pyridine 83
#61 42.19 0.16 Quinazoline (CAS) 90
#62 42.22 0.12 Quinazoline (CAS) 91
#71 42.2 0.06 Quinazoline (CAS) 91
#74 42.21 0.07 Quinazoline (CAS) 91
#82 42.79 0.01 Quinazoline (CAS) 90
#89 42.78 0.04 Quinazoline (CAS) 90
#92 42.78 0.04 Quinazoline (CAS) 83
#94 42.78 0.47 Quinazoline (CAS) 90
#98 42.78 0.04 Quinazoline (CAS) 91
#91 42.78 0.05 Quinoxaline (CAS) 83
#93 42.78 0.03 Quinoxaline (CAS) 86
#95 42.78 0.27 Quinoxaline (CAS) 90
#97 42.78 0.02 Quinoxaline (CAS) 86
#52 27.75 0.52 Styrene 93
#82 28.21 0.03 Styrene 91
#89 28.2 0.08 Styrene 96
#60 27.76 1.07 Styrene 83
#65 27.77 0.12 Styrene 91
#66 27.75 12.91 Styrene 94
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#68 27.75 0.52 Styrene 95
#69 27.75 0.42 Styrene 91
#70 27.74 2.52 Styrene 97
#75 27.76 0.11 Styrene 95
#79 28.18 0.29 Styrene 96
#81 28.19 0.88 Styrene 96
#83 28.19 0.25 Styrene 96
#85 28.2 0.48 Styrene 96
#86 28.2 1.01 Styrene 97
#87 28.2 0.29 Styrene 97
#90 28.19 0.22 Styrene 95
#93 28.2 0.02 Styrene 95
#95 28.19 0.24 Styrene 96
#96 28.2 0.07 Styrene 96
#61 5.13 0.19 Sulfur dioxide(DOT) 90
#65 5.12 0.1 Sulfur dioxide(DOT) 90
#80 5.76 0.02 Sulfur dioxide(DOT) 90
#81 5.76 0.16 Sulfur dioxide(DOT) 86
#82 5.76 0.1 Sulfur dioxide(DOT) 83
#84 5.75 0.18 Sulfur dioxide(DOT) 83
#85 5.74 0.79 Sulfur dioxide(DOT) 83
#86 5.68 0.3 Sulfur dioxide(DOT) 83
#87 5.79 0.33 Sulfur dioxide(DOT) 90
#89 5.76 0.37 Sulfur dioxide(DOT) 90
#90 5.75 0.43 Sulfur dioxide(DOT) 83
#91 5.58 0.09 Sulfur dioxide(DOT) 86
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#92 5.78 0.16 Sulfur dioxide(DOT) 83
#93 5.75 0.16 Sulfur dioxide(DOT) 90
#94 5.68 0.06 Sulfur dioxide(DOT) 86
#95 5.72 0.24 Sulfur dioxide(DOT) 90
#96 5.75 0.1 Sulfur dioxide(DOT) 90
#97 5.75 0.12 Sulfur dioxide(DOT) 90
#98 5.75 0.3 Sulfur dioxide(DOT)( 90
#99 5.74 0.39 Sulfur dioxide(DOT) 86
#78 42.63 4.15 Tetradecane 97
#79 42.62 3.94 Tetradecane 97
#80 42.63 0.03 Tetradecane 95
#95 42.63 0.43 Tetradecane 91
#99 42.63 0.29 Tetradecane 91
#55 44.71 0.28 Tetradecane 91
#67 42.17 0.53 Tetradecane 89
#68 39.97 1.22 Tetradecane 86
#69 38.56 3.67 Tetradecane 90
#70 42.17 0.19 Tetradecane 95
#73 42.17 0.13 Tetradecane 94
#81 42.62 0.31 Tetradecane 94
#82 42.62 0.03 Tetradecane 90
#84 42.63 0.4 Tetradecane 91
#85 42.63 0.63 Tetradecane 86
#86 41.83 0.4 Tetradecane 80
#89 42.63 0.09 Tetradecane 90
#92 42.63 0.06 Tetradecane 91
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#93 42.63 0.04 Tetradecane 90
#94 42.63 1.05 Tetradecane 96
#97 42.63 0.04 Tetradecane 95
#69 46.17 0.06 Tetratriacontane 83
#66 43.45 0.08 Thymyl acetate 93
#67 43.46 0.12 Thymyl acetate 95
#87 44.05 0.08 Thymyl acetate 93
#90 44.05 0.2 Thymyl acetate 93
#92 44.03 0.02 Thymyl acetate 86
#94 44.03 0.38 Thymyl acetate 91
#95 44.03 0.3 Thymyl acetate 89
#54 22.01 4.48 Toluene 95
#60 22.04 0.69 Toluene 94
#95 22.47 0.43 Toluene 93
#52 36.24 0.22 trans-1-methyl-2-indanol 87
#74 45.67 0.01 trans-Caryophyllene 91
#80 46.65 0.01 trans-Caryophyllene 92
#86 8.67 0.95 Trichlorofluoromethane 83
#95 8.67 0.28 Trichlorofluoromethane 83
#56 39.31 0.11 Tridecane 95
#61 39.31 0.48 Tridecane 97
#65 39.3 0.08 Tridecane 95
#81 39.79 14.55 Tridecane 96
#86 39.77 10.98 Tridecane 97
#91 39.75 0.03 Tridecane 91
#94 39.75 0.59 Tridecane 97
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#52 39.3 0.07 Tridecane 94
#54 30.93 0.19 Tridecane 86
#60 39.31 1.54 Tridecane 96
#62 39.31 0.07 Tridecane 90
#63 39.31 0.55 Tridecane 98
#64 39.3 0.22 Tridecane 96
#66 39.3 0.4 Tridecane 94
#67 39.31 0.65 Tridecane 95
#68 32.99 1.99 Tridecane 90
#69 39.3 0.64 Tridecane 94
#70 39.31 0.22 Tridecane 92
#71 39.3 0.02 Tridecane 90
#72 39.31 1.78 Tridecane 96
#73 39.31 0.12 Tridecane 95
#74 39.31 0.28 Tridecane 98
#75 39.31 0.05 Tridecane 94
#76 39.31 0.11 Tridecane 96
#78 39.75 3.62 Tridecane 97
#79 39.75 7.38 Tridecane 97
#80 39.76 0.02 Tridecane 92
#82 39.76 2.67 Tridecane 98
#83 39.75 0.37 Tridecane 96
#85 39.75 1.53 Tridecane 96
#87 39.75 0.17 Tridecane 96
#90 39.75 0.61 Tridecane 97
#92 39.75 0.89 Tridecane 96
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#93 39.75 0.06 Tridecane 95
#95 39.75 0.28 Tridecane 95
#97 39.75 0.03 Tridecane 93
#98 39.75 0.1 Tridecane 94
#99 39.75 0.24 Tridecane 91
#69 44.71 0.14 Tridecanol, 2-ethyl-2-methyl- 90
#55 27.78 3.81 Trisiloxane, 1,1,3,3,5,5-hexamethy 86
#53 33.8 0.1 Trisulfide, dimethyl 97
#61 32.05 0.19 Trisulfide, dimethyl 98
#63 32.04 0.02 Trisulfide, dimethyl 92
#68 32.03 0.78 Trisulfide, dimethyl 97
#71 32.04 0.01 Trisulfide, dimethyl , 93
#73 32.04 0.23 Trisulfide, dimethyl 98
#89 32.56 0.11 Trisulfide, dimethyl , 94
#91 32.56 0.08 Trisulfide, dimethyl , 96
#96 32.55 0.03 Trisulfide, dimethyl 97
#68 42.33 0.06 Tritetracontane 83
#68 36.56 0.51 Undecane 93
#69 36.56 0.84 Undecane 94
#75 32.98 0.09 Undecane 93
#78 33.41 0.65 Undecane 81
#87 33.41 0.73 Undecane 97
#95 33.41 0.44 Undecane 94
#54 28.6 0.08 Undecane 81
#56 32.99 1.91 Undecane 96
#71 32.98 0.05 Undecane 93
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#73 32.98 0.2 Undecane 94
#79 33.4 0.68 Undecane 90
#81 33.41 0.21 Undecane 81
#82 33.41 0.08 Undecane 95
#83 33.41 2.95 Undecane 97
#84 33.4 0.53 Undecane 93
#85 33.4 1.53 Undecane 97
#86 33.41 0.96 Undecane 94
#92 33.41 0.1 Undecane 93
#94 33.41 0.94 Undecane 94
#96 33.41 0.04 Undecane 93
#60 18.85 0.22 VALERALDEHYDE 90
 
